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I. INTRODUCTION

Earlier studies on carbon filaments were funded by a joint contract

to Colorado State University and IBM Watson Research Laboratories (see 0

Final Report to AFOSR on Contract #F49628-84-K-0006). The objective of k
this work was to study the growth and physical properties of carbon

fibers prepared by the ion-bombardment of carbon surfaces, with S

particular reference to optical obscuration applications. During the r

contract period, it was decided to include another class of carbon

fibers grown by catalytic-chemical-vapor-deposition (CCVD). This

initial work showed that submicron diameter filaments of high aspect

ratio could be grown. However, they were not straight. I0

Although straight filaments are not necessarily required for

obscuration applications (it is possible that coiled and helical

filaments have higher scattering and absorption cross-sections), the

comparison of theoretical models and optical measurements can only be

carried out for this case at the present time. Accordingly, the present

contract was funded together with one to Panametrics, Inc. in which the

overall objectives were as follows.

1. To ascertain the conditions under which relatively straight

submicron diameter carbon filaments of high aspect ratio can be

grown. Although the thrust of this work was with CCVD

filampnts, some experiments were to be carried out with plasma-

assisted growth.

%



2

2. To characterize the structure and electrical resistivity of

these filaments.

3. To provide Panametrics, Inc. with samples of these filaments,

so that electromagnetic scattering and absorption experiments

could be carried out and compared to theory.

4. A thorough review of the physical properties of carbon

filaments was to be carried out in collaboration with other

experts working in the field.

5. Advances 'n carbon science were to be made wherever appropriate

to the overall aims of the above work (growth mechanisms and

models, structure, physical properties, etc.)

Progress made in the present contract to Colorado State University

will be reviewed in this report. A brief account will be given first in

this section, with further details in Sections II-V. Each brief account

Ubelow is given the same number as the corresponding report section.

11. GROTH OF CARBON FILAMENTS

II.1 Aparatus

A differential high vacuum system has been constructed to allow the

growth and in situ characterization of CCVD carbon filaments in a clean

environment. In some of the earlier CCVD filament work by McKenney and 0

Bowers, there was the possibility of contamination coming from within

the system; impure source gases and impure environment (i.e., air). A

system has now been built where these impurities have been minimized.

Along with being a clean system, it is technologically superior to the

old furnace and tube system used in the earlier work, employing mass

%S
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flow controllers, temperature programming, and precision pressure

measurement.

11.2 Growth of CCVD Filaments

The growth parameters which have been identified are the amount of

catalyst evaporated, catalyst reduction time and temperature, hydrogen 9

to hydrocarbon ratio, total flow rate, use of inerts, type of graphite

substrate and the catalyst type. The growth of fibers on nickel with

acetylene optimizes at low temperature, long times and with a •

predeposition hydrocarbon saturation period. Highly oriented pyrolytic

graphite is a superior substrate for it does not allow nickel diffusion

into the bulk, leaving more catalyst for filament growth. Methane was SV
found to produce no filaments on nickel at 1000°C. Chemically deposited

iron catalysts did give abundant filament growth with acetylene in the

600-1000*C temperature range. Optimization of growth parameters will

continue for the Fe/acetylene and Fe/benzene systems.

11.3 Thermal Calculations for the Growth .

of CCVD Filaments

Assuming that the catalytic dehydrogenation of acetylene proceeds

at a rate identical to the diffusion rate of carbon in nickel, and thus

the filament growth rate, no temperature rise was predicted on the

nickel surface. If this were true, deposition would not be self-

limiting. Because filament growth is self-limiting, carbon must be

accumulating on the catalyst surface, suggesting that a nonsteady model

must be solved, in which the acetylene decomposition rate is greater

4.
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than the filament growth rate. This nonsteady state problem will be

solved in the next year.

II.4 New Methods for PreDaring Catalysts

Four methods have been used to create supported metal substrates.

Nickel was evaporated onto both Poco and (HOPG) samples. The method of S

ion exchange was used with semiconductor grade silicon dioxide in order

to deposit angstrom-size nickel clusters. The defect-free SiO surface
2

prevented ion exchange, thus no nickel or growth resulted. Iron was 0

deposited in a chemical bath of FeCl 24H20. Extensive filament growth

resulted. Quantitative control of iron deposition is currently being

achieved electrochemically. New methods for growing very small metal 0

clusters will be established in the next year.

11.5 Growth and Structure of Vapor-Deposited Filaments S

on Carbon and Silicon Substrates

It was found in the previous contract period that filaments grown

on silicon substrates with nickel substrates at 850*C were unexpectedly

graphitic. Further measurements were carried out in the present

contract period at temperatures between 700-1000°C, indicating that

graphitic filaments were only grown over a narrow temperature range and

0
that SiC was formed at higher temperature. This SiC is probably on the

substrate, and not filamentary. The results were interpreted

qualitatively in terms of a model of the growth processes. A paper on

S
our earlier work is to be published shortly in Carbon, and a further

paper on our recent work is to be submitted to the same magazine. ,

%
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11.6 Thickened Carbon Fibers

The chemical-vapor-deposition technique can also be used to thicken

fibers. Experience with the growth of filaments suggests that this

thickening occurs preferentially above about 1100°C. Commercial ex-PAN

fibers were thickened from acetylene/hydrogen vapors using controlled

conditions. The results were interpreted to give information about the

kinetics of the reaction. This work will continue in the following

contract period as a collaborative project with the University of

Newcastle, UK, and will include the fabrication of carbon composites

using these fibers and the measurement of mechanical properties.

11.7 Some Smeculations Concerning Growth Features
on Carbon Surfaces Due to Ion-Bombardment

A model for the growth of carbon filaments by bombardment of carbon

surfaces by energetic (-l keV) ions was presented in the previous

contract report. This model was based on the idea of mobile carbon

atoms on the surface supersaturating at preferential sites and leading

to continued growth. Further work was carried out which established the

importance of further growth from redeposition of sputtered atoms and

suggested a mechanism for the observed increase in the density of growth

features with temperature. A paper on this topic is to be submitted to

J. Cryst. Growth.

11.8 Fibers Grown from Ion-Bombardment of Carbon and
Silicon Substrates from Plasmas

Carbon filaments were grown on three types of carbon surfaces from

argon, argon/hydrogen, argon/propane, and argon/methane plasmas. The

growth features depended on the substrate and plasma gas and did not
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appear to fit current models of the growth processes well. None of

these experiments produced straight filaments of uniform diameters.

3 Experiments were also carried out with silicon substrates and unusual

growth features were observed. No submicron filaments were grown. A

paper on this topic is to be submitted to J. Vac. Sci. and Tech.

III. PHYSICAL PROPERTY NEASURE(ENTS

111.1 Electron Hicroscove Studies

Carbon filaments grown by CCVD techniques were studied by several

electron microscope techniques, including scanning microscopy, high-

resolution transmission electron microscopy in both selected-area and

converging-beam modes, lattice fringe imaging, and energy-dispersive

x-ray analysis. This work is in a preliminary stage and will be pursued

further in the next contract period.

1112 . Relat!onshiR Between Elastic. Structural and
Piezoelectric Properties of Carbon Fibers

A considerable body of experimental work was carried out at

Celanese Research Company (ARO Contract #DAAG29-81-C-0016) on

structural, electrical, mechanical, and piezoelectrical properties of

ex-PAN and ex-pitch carbon fibers in collaboration with one of the

present Ps. This work was analyzed further during the current contract

period in which the Young's modulus of the fibers was fitted to elastic

constants of the hexagonal layers using data on the orientation

distribution function obtained from x-ray diffraction measurements.

These data were then used to analyze the piezoelectric coefficient for

different fiber types. This work is of particular 5mportance since it



7

tested current models for fiber properties in novel ways. The report on

this work is to be submitted to J. Appl. Phys. once permission has been

granted from Hoechst-Celanese Research Company.

111.3 The Elastic Parameters of Graphite

The variations of the lattice parameters with pressure of graphite

were studied experimentally in the last contract period. The results

were analyzed further in this period, giving information about the

C-axis elastic parameter C and its variation with strain. Of

particular importance is the ability of these measurements to measure

the elastic constant C13. The previous value obtained from ultrasonic

measurements was 15±5 GPa, and that from our results 21±2 GPa. This

elastic parameter is of importance in physical properties of graphite

and carbon fibers, such as the thermal expansioi. and the piezoelectric

effect. A paper on the high pressure data and analysis of results has

been submitted to Phys. Rev. (accepted with minor changes), and a letter

to Carbon on the value of C is to appear shortly.

13 st persoty

I1.4 The Electrical Properties of C/BN Alloys

Some applications of high-strength fibers require lower electrical

conductivity than that of typical carbon fibers. One conceptual way to

achieve this is by alloying carbon with boron nitride. Samples of C/BN

were prepared at Union Carbide Parma Laboratory, which also provided us -A

with a small grant to initiate this work. The electrical resistivity,

Hall Coefficient, and magnetoresistance of several samples were

determined experimentally. It was found that electrical properties were

p
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similar to those found on boronated samples of graphite. It is intended

to submit a paper on this topic to J. Appl. Phys.

IV. REVIEW OF THE PHYSICAL PROPERTIES OF
CARBON FIBERS AND FILAMENTS

It was intended to prepare a review of approximately 125 pages for

Advances in Physics on the physical properties of carbon fibers and 7
filaments. The final article was much longer than this and, being of

NA

unsuitable length for this magazine, will be published as a book in
0

early 1988 by Springer Verlag (-500 pages, 600 references).

V. SUBCONTRACT TO OREGON STATE UNIVERSITY

A subcontract was awarded to James A. VanVechten of Oregon State

University to study theoretical aspects of carbon filaments. His work

established a theoretical basis for unusual forms of carbon,

characterized by "magic numbers" which have been observed in pulsed

laser ablation experiments and explained the unusual density of the

carbon in ion-grown filaments. This work has been published in Physical 5/"S
Review, Rapid Comm. and has excited the interest of the popular press

(Science News, 15 August 1987). "e

% VI1. SUMMARY

Although the above represents a considerable body of accomplished

work, we have not yet succeeded in producing relatively straight
S

filaments with high aspect ratios for which the electrical resistivity

has been characterized. The reasons for this will be discussed in the

technical reports, but in summary:
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1. It has not proved possible to duplicate the results reported

earlier on plasma-grown filaments. (This work was reported in V.'

a brief form, and we have been unable to obtain further details

of the results.)

2. It appears that the acetylene/nickel combination does not

produce filaments at temperatures above 850 0C. It is

hypothesized that at the high temperatures needed for straight

filament growth, the nickel surface becomes completely covered

and is no longer catalytic. Optional filament growth for the

acetylene/nickel system occurs at tempeiatures below 850°C.

Further work will be carried out in the following contract to resolve

these issues and to grow the required filaments.

€..0
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I-1. APPARATUS

Christina Schmitt and Carol M1. McConica
Department of Chemical Engineering

Colorado State University

Fort Collins, 0 80523

Introduction

A differential high vacuun system has been constructed to allow the

growth and in-situ characterization of CCD carbon filaments in a clean

environr-.ent. In some of the earlier CCWD filament work by McKenney and

Bowers, there was the possibility of contamination coming from within

the system; impure source gases and impure environment (ie: air). A

system has now been built where these impurities have beer minimized.

Along with being a clean system, it is technologically superior to the

old furnace and tube system used in the earlier work, employing mas.-

flow controllers, temperature programmning, and precision pressui

measurement. A complete schematic of the system is shown in Figur

2.1.1.
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Justification of Design and Equipment •

Pump Unit: The pumping station is a Balzers TSH 170 Turbo-

molecular pumping unit, having a nitrogen volume flow rate capacity of

170 1/s and operating pressure from 760 to less than 5x10-9 Torr. This

pump is both convenient and efficient for CCVI) work; convenient in that

there is no contamination from pump oil, and therefore less maintenance

than for a diffusion pump, and its compact size allows easy relocation.

It is efficient in that despite it being on the small end of turbopumps,

it has a short pump down time and is capable of pumping all lines in the

system, back to gas regulators, to the range of 10-6 Torr (measured at

the pump inlet) in less than 30 minutes. At this pressure, measured at S

the pump inlet, pressure at the manifold is approximately 10-2 Torr.

The large pressure drop between the pump inlet and manifold is due to

the small diameter lines (discussed later in this section) and a rough

NZ calculation has been made based on this resistance.

Other features added to the pumping station are: S

Emergency Vent Valve: This protects the turboptunp by causing

automatic purging and shutdown when the system over pressurizes. There

is also the option to bypass the vent valve to allow: for low pressure

runs, but this eliminates the safety and weai maintenance feature of th,

runs,
S.

.,
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emergency vent valve and i only utilized during low pressure runs.

Bellow's:" The stainless steel beLlo:s protects the glassware from

vibrations caused by the turbo mid backing ptnps.

Screen: A splinter shield is used in the line just upstream c~f the

pump. Unfortunately, a mesh 6i=oi that would prevent carbon filaments

from entering the turbo pump would impede-p&up performance. This screen F,,

can only protect the blades from glass splinters or other accidental

foreign objects. (See later, in section on reactor design that quartz

frits are used in some reactors to prevent escape of filaments.)

Cold Cathode Ion Gauge: A Varian 524-2 Cold Cathode Ionization

gauge is mounted just beyond the bellows at the pump inlet. It is

mounted on a 2.5" diameter stainless steel tube to give most accurate

pressure measurement (as close to pump inlet as possible). This gauge

measures pressures from IxlO"7 to 10-2 Torr and its output is displayed

by a Varian 860A-2 Cold Cathode Gauge Control mounted on the cabinet.

Plumbing from pump station to ilassware: All lines from the large

diameter tube at the pump inlet up to the glassware are .25" stainless

with Swagelok fittings. Nupro SS-4H (high vacuum capability throttle

valves) are to prevent pressure 'bursts' to the pumping unit which could

cause shutdown. There is a 6-,-ay gas chromatograph valve to allw
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on-line sampling of reactant or proluct gases. The plumbing around the

6-way CC var 'e gives the user the following options: pump system only

(excluding C valve), pump system and GC valve, run through the pump

only (low pressure runs without GC use), run through the GC only

(atmospheric pressure runs), or run through the GC and pump (low

pressure runs with GC capabilities.). The stainless lines are attached

to the glassware by a glass to flex metal tube (permanently attached on

glassware end) to decrease stress on the glassware.

Glassware:. The motivation for using glass for the reactors and gas

manifold was that it is cheaper and more inert than stainless steel

(Nickel in stainless can catalyze filament growth). The manifold is

used for mixing of reactant gases and has four inlets (forseeing the

possible use of mixing hydrocarbons) and is small enough (about 1 liter)

to allow BET studies to measure carbon filament surface area. An .%'S

Baratron type 222C Capacitance Manometer is mounted on the manifold tth

a VOO fitting. The pressure range of this manometer is 0.1 to 1000 Torr

with an accuracy to 0.5% of reading. The pressure readout is an MKS

PDR-I and is mounted on the cabinet. The two outlets from the manifold

go to the reactor and directly to the pump (stainless plumbing). The

line to the pump is used as a bypass so that the user is able to
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evacuate all lines when there is iLo reactor attached. This saves

pumping timie by being evacuated during ,)ff timer. There is also a vent

valve off of this bypass ;.hich ,:an be used d,.i ing runs (reactor

attached) that take advantage if neither pump nor chromatograph. This

has been used on most of our runs to prevent unneccesary soot buildup in

thq remainder of system. All valves in the system are high vacuum

stopcocks. (Both high vacuum Silicon grease and Apiezon have been found

satisfactory. The less expensive Si grease is being used.) The four

inlets to the manifold are .25" glass lines with VCO fittings.

Plumbing from gas sources to glassware: The source gas regulators

are all fitted with vacuum regulating tee's to allow evacuation of gas

lines up to the regulators. The lines are teflon t-hich is inert and

allows for easy movement of the entire system. Each gas is in line with

its own mass flow controller (KS type 1259B). The hydrogen and helium

(inert) have flow controllers with a range of 0-200 sccm, and the

hydrocarbon flow controller has a range of 0-20 sccm. Accuracy is to

0.5% of full scale. The mass flow controllers interface with the power
0

supply and"an MKS type 247B ( 4 channel independent or ratio mode S

control) readout mounted :Jn the cabinet front panel for easy access.

The flow controllers are all mounted on the lower cabinet shelf (along
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with the pumping station).

Heating" Unit: All reactors are designed to fit into a high

temperature resistance heated oven. The oven allows for reactors with

diameters up to I", and it cannot be opened, so reactors nust be able to

slide through. The oven can be rotated to a horizontal or vertical

position. An Omega CN-2010 Pr'ogrammable Temperature Controller and SSR

240 A45 solid state relay are used to power and control the oven. The

temperature controller has an eight step ramp and soak capability,

giving the option of various heating rates and either on/off or PID

control. The PID control loop gives an overshoot of less than 100C at

10000C and controls within 10C after about 5 minutes at this

temperature. The controller has one input/output for the oven. A type K

Chromel-Alumel thermocouple is used for input.

Reactors: There are currently 4 reactors; 2 each of horizontal and

fluidized bed (vertical), (see Figure 2.1.2). All are made of quartz

and have inlet and outlet male socket joints, here they are clamped to

the rest of the glassware. The horizontal reactors are composed of 2

pieces so they can fit through the oven. The pieces are connected by a

ground glass joint t.here substrates can easily be loaded and unloaded.

The joint is located at the reactor -utlet, so as not to introduce any
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1.0

Horizontal Reactor

2 pieces, quarts

V 43 cm

,,a-u~rt fr0

Vertical Reactor (Fluidized Bed)

2 pieces, quartz

V2
cml

Squartz ftnt

FIGURE 2.1.2 CCvD Reactors

S'S5'
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Silicon grease prior to the reaction on the substrate. The fluidized
S

bed design i's -a ' .rtical structure pith a gas preheat Lube. The bed

itself is contained between tto quartz frits ';hich prevent catalyst

particles and filaments from escaping. The top frit (at reactor outlet)

is housed in a reactor cap, t;hich caE'be removed for ,atalyst loading

and unloading.

Experimental. Procedures

Because a clean system for filament growth and characterization has

been constructed, special procedures are followed during experiments, 0

and during general system maintenance, to insure that everything used

is, and remains clean.

Substrates: All substrates (Silicon wfers, Poco graphite, and

single crystal graphite) are cleaned with organic solvents, rinsed in
o

deionized water, and baked in a convection oven at 600C. The most

common technique for catalyst deposition is evaporation. The evaporator

is located in a Class 100 clean room. The source for the evaporated

nickel is nickel powder, 99.999% pure. Substrates are blown off with

nitrogen (clean room- unpurified) prior to evaporation. All substrates

are stored in a dessicator until ready for filament growth. Other

catalysts that have been used for filament growth are in the form of
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powders. They have been prepared earlier (McConica) and are used as is

(in fluidized bed reactors). More catalyst deposition techniques will

be discussed in a later section.

Source Gases: All gases used in CCVD carbon filament growth

experiments are high purity: Hydrogen (99.9998%), Helium (99.998%),

Argon (99.999%), Acetylene (Grade 2.6),--Methane (99.5% minimum), Air

(Breathing quality- used for baking out reactors after runs are

completed).

Preparation for Run: The system was closed off to the atmosphere

and evacuated (continuously) when no run was being made. (Evacuated up

to manifold inlets, no reactor attached.) The reactor, with substrates

inside, was attached to the rest of the system prior to run, and was

also evacuated. All lines from source gases to be used were evacuated

and then filled with their respective gases up to their mass flow

controllers.

Running Filament Growth:

The evacuated system was shut off from the pump station. Either 0

hydrogen or helium (inert) was turned on (now the substrates are heated

and cooled in an inert, but some of the first runs used hydrogen (see

Experimental Results)). The system was filled until the capacitance
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manometer read above atmospheric pressure (630-640 Torr in Ft. Collins),

and then an exit line was opened, bringing the pressure back down to

atmospheric (running pressure). At this time the temperature programming

began. Pressure and temperature were monitored closely. When helium was

used during the heat period, a separate reduction period was used %.-here

the flow was switched over to hydrogen (at the same total flow rate as

the heliu.). The reduction temperature was then the same as the run

temperature. Directly following the reduction period there was either

the actual run (hydrogen and hydrocarbon) or a hydrocarbon saturation 10

period (inert and hydrocarbon), followed by a CCVD run. In either case

the total flow-'was kept constant by decreasing the hydrogen or the inert

flow rate. All runs were at constant temperature, but temperature and

pressure were monitored throughout, to make sure that no reaction 'ran

away' or that there was no pressure buildup due to soot blockage. When

the run was complete, the oven input was turned to 0%, and the reactor
cooled (inside the oven for horizontal reactors, so cooling was slow).

Only inert (helium or argon) was flowed through the system during

,cooling (some earlier runs used hydrogen, but this may have caused

depletion of carbon filaments by the reverse of the decomposition

reaction). The inert was left flowing until the reactor and substrate

'N

* " - %
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were below 4000C (more than 3 hours for runs at 1000°C). When the

helium was shut off, air could enter the system, so the substrate was S

cooled enough to assure that there would be no oxidation of the

filaments.

Only one low pressure run has been made. The procedure differs from

that of atmospheric runs in that the syts-em was not closed off to the

pump, but was throttled to keep the reactor at the desired operating S

pressure (greater than 1 Torr). Ail gases exited through the pumping

system. The emergency vent valve was not used during low pressure runs,

to keep the turbopump operating while there was inlet flow. The

turbopump cannot operate at full speed during low pressure runs.

Clean Up: When runs were complete, substrates were removed from

reactors and placed in a dessicator until ready for analysis. The

reactor was baked out, and the system was prepared for the next use.

The reactors were baked at 800oC in air flowing at 100 sccm after each

rim to burn off any carbon deposited on the walls. After every few

runs, or when there was an abundance of carbon deposited upstream of the

substrate, reactors were cleaned in aqua regia to remove any metal

deposits which may cause extra-,ous reactions.

iI
• w" i q
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.nalysis: A scanning electron microscope was used to observe the

substrates for filament growth. Substrates were glued onto SEr stubs _

with graphitic paint, baked in a vacuum oven, and gold sputtered. We

have found the following conditions to work the best for our samples in

the Philips 505 SLM: Accelerating Voltage set at 25 keV, filament

current at 30 uA, bias voltage at 150e7 and a spot size of 20 nm. %re

on analysis techniques is discussed in another section of the report. S

EDAX has also been done on the most recent samples (after B9) to check

for impurities on the substrate which may be a source of filament

growth. These samples were not gold sputtered and an accelerating

voltage of 30 keV was used to penetrate carbon on the sample surface. a

Only nickel was found lying on the substrate (besides the carbon) which S

indicates that there were no impurities being introduced onto our

substrates during preparation. (See Figure 2.1.3 for an example of

EDAX).

%,%
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11-2. (RbDTH OF CXNVD FILAMENTS

Christina Schmitt and Carol M. McConica
Department of Chemical Engineering

Cblorado State University
Fort Collins, C 80523

Int rcdxzion

The overall objective of the experimental work on CCID carbon

filaments thus far, has been to find a method by which straight,

submicron filaments can be grown with aspect ratios > 1000. The purpose

for filaments of this type has been discussed elsewhere. The high vacuum

system that has been built enables production of filamentous carbon in

controlled growth regimes, and good reproducibility in experiments has

been shown. Much of the work here is a continuation of earlier work

done at CSU by McKenney and Bowers; ie: Nickel catalyst evaporated on

graphite substrates, and acetylene used as the hydrocarbon. The growth

parameters which have been identified are the amount of catalyst

evaporated, catalyst reduction time and temperature, hydrogen to
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hydrocarbon ratio, total flow rate, use of inerts, and type of graphite

substrate. Since it is believed that the catalyst plays a major role in

the dimensions of the filament, we have also looked at various methods

for seeding the substrates (discussed in more detail in another

section.) Because the system is new, many of the experiments were more

relevant towards it's characterization which help to substantiate and

interpret the results of grown filaments. A statistical approach is

employed for setting up and analyzing the results of the CCVD carbon

filament growth.

Initial Runs

The first four runs made on the system were done to verify that the

system was actually working. Run #'s 1, 2, and 3 were conducted at

temperatures between 700 and 8500C. Substrates were nickel evaporated

on Poco graphite (prepared by Bowers). Acetylene was used as the

Z, hydrocarbon with hydrogen to hydrocarbon ratios from 10:1 to 50:1. All

three runs were 15 minutes long (time of acetylene flow). Many

submicron filaments were grown using these conditions. Run # 4 was made

to test the fluidized bed reactor. The catalyst was in the powder form,

2.73% nickel on silica. Only amorphous carbon was deposited. During

Ii
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these four runs the system was monitored very closely, especially the

temperature profile. Substrates were placed at the same axial location

in the furnace tube as the thermocouple, though the thermocouple was

located between the reactor wall and the furnace. Temperature readings

were plotted against time as some of the tuning parameterEs in the

temperature controller were varied. Good control was achieved. An

example of a temperature profile is shown in Figure 2.2.1.

One run was made at low pressure (between 10 and 100 Torr) to check

the performance of the pump, and, of course, to examine for filamentous

grocth. This run, A3LP, gave mostly nucleation 'clumps' and only very

short, tangled filaments. The pumping unit ran at less than half speed

when total pressure was 10 Torr. To alleviate some of the stress on the

pump the total pressure was increased to 100 Torr 5 minutes into the 10

minute run. No further attempt has been made to run below atmospheric

pressure.

Five experiments have been run to survey different substrates and

! 1. catalyst preparation techniques. Nickel evaporated on Si (Run Si-I) was

one such substrate (prepared by Bowers). Growth ccnditions were similar

to previous conditions on graphite substrates where filaments grew, but

none grew on this particular substrate. Four graphite substrates were
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Run B2 (10/5/87)
Cycle Time-i second
Tolerance-100 C (Assured Soak)
Ramp Rateu'10 C/minX-set points

1000

900 -

800 .

700 I

600

S500
0 1: Heat in helium

w /2: Reduction period
400 3: Hydrocarbon saturation

4: Run
* 5: Cool in helium

300

200

100

0 II I I I I

0.5 1.0 1.5 2025303.5%

TIME (hours)

FIGURE 2.2.1 Temperature Profile
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prepared by plating them with nickel using a Watts nickel solution at

U various load times/currents (at PCB Colorado). This preparation was not

very controlled, and was made more as an inquiry to see if this type of

deposition shoii!J be pursued. The two runs made on two of these plated

substrates (PCB1 and PCB2) gave very interesting octopussy, or

sea-urchin, type growth, which appeared to be similar to some sulfur

catalyzed fibers.' . Filaments grown were fairly straight, with

sulmicron diameters, and some aspect ratios >100 (see Figure 2.2.2).

However, this growth cannot be attributed to the nickel catalyst because

the plating solution (electrolyte) may have contributed many impurities

to the substrate. EDAX was done on one of these electroplated

substrates before filament growth, and although there was a lot of noise

in the reading, there does not appear to be anything besides carbon and

nickel on the substrate. Most of the noise occured around where the

sulfur and lead peaks were located. (See Figure 2.2.3). The study of

CC" filament growth on electroplated subtrates has coaced, but it will

be pursued in the future with modifications in the purity of the

electrolyte (see other section).

Runs IX-1 and IX-2 used substrates prepared by an ion exchange

technique (see other section for details). Nickel was deposited on
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silica wafers at different weight loadings. There was no carbon

deposition observable by eye, and both samples were inadvertantly

destroyed before any SEM analysis could be made.

All runs 1-4, PCB, A3LP, and some of the earlier matrix A runs (see

below) were conducted with hydrogen as the cooldown gas. The hydrogen

may have depleted the mass concentration at high temperatures, where the

hydrogenation reaction rate could be significant. To check the effect

of hydrogen flow during cooldown, 2 experiments were run, 3-I and 4-I,

which used helium instead of hydrogen during cooldown, but were

otherwise identical to run #'s 3 and 4 respectively. No more abundant

5growth was attained in 3-I than in run #3, and no growth of filaments

was observed in 4-I as in run #4. Both of these runs were conducted at

8500C. There may have been a more pronounced difference between

hydrogen and helium cooldowns at higher temperatures (eg. 10000C) but

this was not measured. However, the run procedure was changed, and now

a helium cooldown is incorporated in all runs. Hydrogen was used later

for cooldowns at low temperature (run temperature=6000C) when the helium

flow controller was being used for other gases. Most likely, the

hydrogen caused no filament depletion at this temperature, and it did

prevent any oxygen from entering the system, which would oxidize any

2I
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filament growth even at this temperature.

Statistical Approach

There are many ways to statistically design an experiment. Ideally,

it is desired to get the most information (useful information) from the

results of the CCVD growth with the least amount of experimentation. In

the growth of CCVD carbon filaments, there are many growth parameters,

and to do a complete study on all of them, and all of their

interactions, would take an unreasonable amount of time. Instead,

experiments have been set up using the method of self-directing

optimization (SDO).2 The primary goal at this point in the research is

Ito optimize, not to document effects. A matrix of 8 experiments is used

for a 7 variable problem. (See Table 2.2.1). Each variable is given an

upper and lower bound, for example, run temperature between 600 and

10000C. The upper and lower bounds should be working limits, where,

hopefully, the optimum lies within. If there is no direction induced

I
from the statistical approach, perhaps the limits have not been reached,

so therefore, it is a good idea to exaggerate these limits (which, as is

seen in the next section, has not been done due to other limitations in

the apparatus). When the matrix has been completed, the values of each

.. !

.|-
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Self-Directing Optimization Matrix forqLess Than Seven Variables. (Chemtech, August 1980, p.494.)

Xl X2  X3  X4  X5  X6  X7

A Low Low Low Low High High High

B High LOw Low High High Low Low

C Low High LOw High Low High Low

D High High Low Low Low Low High

E Low LOw High High Low Low High

F High Low High LOw Low High LOw

G Low High High Low High Low Low

H High High High High High High High

TABLE 2.2.1 Optimization Matrix

NP
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variable, such as temperature and run time, from 'good' runs (ie: in the

filament work, the runs which produced the straightest, thinnest,

longest filaments) are summed and averaged and multiplied by 2. From

these new values, the values from the 'worst' run are subtracted. This

is done for each run that has a produced inadequate filaments, or more

precisely, received a rating below some set standard. The final derived

values are now the new variable values for the next run. This procedure

continues until the boundaries are brought close enough together to give

the optimum running conditions. This statistical approach cannot give

nearly as much information as could be obtained from doing 20 (n-

variables) experiments, but it is a quick method for optimizing reaction

conditions (or for finding out whether the experiment is being run

outside of its boundaries). It also satisfies an important requisite of

any group of experiments; ensuring, with confidence, that the results

are caused by programmed changes and not by chance.

A-Runs

The first series of experiments is labelled matrix A. A listing of

the first 8 experiments and their conditions is shown in Table 2.2.2.

Subsequent experiments (A9 through All) were formulated by the SDO
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method mentioned earlier. 'Best' and 'worst' runs were determined by a

rating system which is experimentally biased to some extent

("tendentiousness of experimenter"3 in analyzing micrographs). Runs Al

through A8 were rated from 1-10 in five different catgories: diameter

[1=lur, l0=0.Olum], length [1=0.001mm, 10=1mm], aspect ratio [1=1,

10=10,000], straightness [1=smokey, 3=indistinguishably tangled,

5=tangled, 7:not tangled, 10=straight as an arrow], and density [1=1

filament, 5:scattered areas of growth, and 10=growth everywhere]. The

latter is not really priority for this research, but as it deals

somewhat with consistency, it is important in reproducability of the

methods. The overall rating of 1-10 is an average over these five

categories. The highest rating given for runs Al through A8 was a 5.2

(not very encouraging!) for run A6 (see Figure 2.2.4). Using the SDO

statistical method, runs A2, A4, and A5 were discarded for having a

rating of less than 3.5. By throwing out these three runs, three more

runs (A9, A10, and All) were created by using the average, 2x average,

minus 'worst' run technique. All of the three new runs pointed in the

direction of a lower temperature (360oC). Only All produced a filament.

The diameter was on the order of nanometers (lowest limit of filament

growth) but twisted. The three new runs produced essentially nothing,
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and therefore it was concluded that the initial matrix was not bounded

correctly or that possibly it is nearly impossible to achieve straight,

submicron, high aspect ratio carbon fiiamenLs by CCD with nickel on

graphite, and acetylene. See Table 2.2.3 for conditions and results of

the full A matrix. From the results (as analyzed by Sal) of matrix A,

the most apparent observation is that high temperatures (1000oC - the

upper bound on run temperature) are unfavorable. A longer run time (30

as opposed to 5 minutes) was determined to be favorable: The two low4

temperature longer reaction time runs being ranked #1 and tied for #2,

and the low temperature and short reaction time runs being ranked as

tied for #2, and #3. All of the low temperatures received the highest

rankings in the diameter category (smallest diameters) which indicates

vthat as the temperature increases the filaments begin to thicken, or

else the nucleation period of growth may be significantly different at

15% the two temperatures (for example, more agglomeration of catalyst

particles at higher temperatures, producing thicker filaments from the

.5. start).

Since this matrix may not have been bounded correctly, as it pointed

towards lower temperatures, and this was not succesful, it was decided

to work at the high temperature limit of 10000C. This seemed to be

N
5.-
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reasonable, since long, straight filaments are produced by Endo et. al.4

at higher temperatures (>10000C) using benzene and a metalorganic

catalyst. Unfortunately, h-.iz experimental detail- are not detailed

enough to reproduce them in this laboratory. So the next step in our

experimental design was to define a new matrix by examining a variety of

run techniques at higher temperatures.

B-Runs

The runs labelled B are not in a matrix form. These runs are

preliminary work to examine possible run parameters in order to achieve IV

long, straight, suhmicron carbon filaments. A table of all B runs to 6",

date is shown in Table 2.2.4. The major difference between A runs and B

runs is a shortened reduction time. All runs in the A matrix were

heated to the final run temperature in hydrogen. It is possible that no

or few filaments were found in the high temperature A runs because all,

or most, of the nickel catalyst could have diffused into the graphite

substrate. All substrates used were Poco type, so nickel was evaporated

on a variety of carbon planes, much of it easily accessible to the

C-axis where diffusion will be much more rapid than on/through the basal

ON surface. Reduced nickel (in its zero valence state) has a much higher

pwS
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diffusion rate than unreduced nickel.5 The reduction time was therefore

reduced from total heat up time (usually greater than one hour for a run

temperature of 10000C) to 10 minutes. 10 minutes should be sufficient

time for the reduction of all of the catalyst. A longer reduction "S
period of 15 minutes was also used for one run (B8) and there was no

observable difference in the results (somewhat inconclusive for only one

run, but still confident with 10 minutes).

Another change in the run procedure was the inclusion of a

hydrocarbon saturation period. Only hydrocarbon and the inert (to keep

total flow constant) were run at this time, which followed the reduction

period. The purpose of a hydrocarbon saturation period is to form a

Icarbide at the catalyst surface initially, which should enhance filament

growth (following Sacco et. al. 6 ). Two comparison runs, B4 and B5, were

made. All conditions were identical in both runs with the exception

that B4 had a 1 minute saturation period, whereas, B5 had none. Nothing

conclusive could be extrapolated from the results, as both produced very

few filaments. The only encouraging information was that slightly

longer filaments were grown in B4 (with the saturation period),

indicating the possibility of an enhanced rate of growth. No further

investigation has been conducted to optimize or exclude the hydrocarbon

IS%,

-~ ~ ~ .C %~'e V ''~- V * ~ '.
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saturation period.

During the B runs, the use of a different hydrocarbon was examined.

Many people (most notedly Baker7 ) have denounced the use of methane as a

possible decomposition precursor to filament growth. Although most

arguments accuse impurities as the source of filaments when they have

tbeen grown using methane, Keep et. al.7  has attributed it to the

decomposition of secondary unsaturated hydrocarbons, which are strictly

the result of methane-hydrogen reactions. The conditions used in the

methane experiments (runs B7, B8, and B9) were similar to those used in

the acetylene runs (see Table 2.2.4) except that run time was increased

in one of them up to 3 hours. No filaments were obtained in any of

these samples. Without any of Keeps experimental data, it is difficult

to compare with his results, but assuming that the system is without

impurities, it is tempting to conclude that Bakers' theory still holds.

No further attempts have been made to grow carbon filaments using

methane.

Another attempt to eliminate the problem of possible nickel

diffusion into the substrate at high temperature, was to change the type

of graphite substrate. Poco graphite was replaced by single crystal

graphite or highly oriented pyrolytic graphite (HOPG) as the substrate.

* ~ ' . ~ 'V' '& ' ~ ~ ~" ! •
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Nickel was evaporated onto these substrates, which were 'peeled' off of

a single block of graphite. Surfaces were prepared in the same manner

as mentioned earlier in the previous section. The chips that were

peeled off did not seem to have very uniform surfaces (although all

quite different from the Poco graphite). A new shipment of HOPG chips

with very uniform surfaces has just been received from Union Carbide

(generously donated by Arthur Moore). These samples still need to be

prepared before running, but hopefully they will serve as a good

comparison to the HOPO now used. The first run made with a HOPG 0

substrate (nickel evaporated), B6, gave more filament growth than did

other runs with similar conditions using Poco graphite (Bi, B4, and B5).

Increasing the temperature from 1000 to 10300C (still within a critical

range where no thickening should occurs) produced no filaments on the

HOPG substrates. Increasing the hydrogen to hydrocarbon ratio from 5:1

to 10:1 and increasing the total flow rate from 40 to 126.5 sccm also

produced no filaments.

One run in the B series was made to determine the effects of the

inert used. Argon was used instead of helium for run B14, as one

colleague suggested, that helium will carry many more impurities into S

the system than will argon. No filaments were obtained by SEM analysis
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on this sample. This indicates that the lack of filaments in these runs

is not associated with the type of inert used. There is probably no

growth at all, and not the case that growth is being destroyed by the

introduction of oxygen, for example, at elevated temperatures.

Two runs, Bl3a and Bl3b. were run in the old furnace set up as was

used by McKenney and Bowers in this research in previous years. This

was done as an inquiry to the effects of impurities. No filaments were

found on these samples- but they were also made at 11000C, which is

beyond the limits that have been used in the high vacuum system, and •

seems to be beyond the limits of filament growth.

The last run in the B series of experiments was Bi5. BI5 was run at

8500C using an HOPG substrate. There was a lot of filament growth on

the substrate, and the filaments had diameters of about 0.2 un. It was

difficult to determine any lengths, as growth occured in 'bundles' (very

N1tangled). (See Figure 2.2.5). The results of this run indicate that the

previous B experiments were run at a temperature (>10000C) which is

beyond the limit of mass filament growth. This 8500C run, however, grew

uncontrollable filaments. Perhaps the region between 850 and 1000oC

includes an optimum growth temperature, where solitary filaments, ic:

more than one but not in bundles, will grow straight and controllably.
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Conclusions

Th ultimate goal of thc CCVD filament research at this stage, t

grow straight, submicroii, high aspect ratio filaments, has not yet bet

achievcd. A ,ariety of groi.-th conditions have bee., exajn-nec, K1-,.

almost ent irel on the decomposition of aco\c an, evapl :tl

nichel catalyst. From the results of these e:.perimenlts, or rather laJ1

of, it may be futile to continue with acetylene and/oi nickel as tht-

main ingredients for filamentous grow.-th, as they might nevej be able t _,

prediuce the type of filament that is desired. The straightest and mcst
I

distinguishable filaments grown have been made at high temperatures

(10000C). This, however, produced very little filament groi.-th and quilt

a lot of carbon deposits on the reactor walls. The deposits ranged from

.ell.uwish-brown tints to very shiny- black (pyrolytic carbon) and ha\c

giver! off a variety of aromas from eau de dead fish to moth balls. There

are ob\ iously many react ions oceuring at the higher tempcrature. , and

these rea('tions are probably diminishing the amounit of reaction t

prti tiuk' carbon filaments.

Thc, next stage of th, research w<11l involvc th u.c of diff, i-

MI , k1 > , m St I M 01'L - II CI 3 Arun +I the L1. ,Ai !:bo an(' an r i i (,a 1>

vi.~l- hencl al).1e to g.th, 1:jI ,f fifIzanenrts till'

t *1'

S - - - = S -

'a. p.
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dCSircOd u-Sing berizcnc and iron:, but his i.-ork is riot %,;ell defiriod x,:

,.il 1] di f ficul t tco reprodu:-c'. There arc man,, details whici. ar.

vu ri i-i i, but it i s hoped that thesc can Ix- f ound wi th fut o,

inm cstigat ions using the CC\TI 3ysturrm thmt ha - been! built.
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11-3. TEMPERATURE DISTRIBUTIONS IN A CATALYST PELLET IN CCVD OF %

CARBON

Sulagna Chatterjee and Dr.Carol M1. McConica
Department of Agricultural and Chemical Engineering
Colorado State University, Fort Collins, CO 80523.

7Introduction

The purpose of this work is to study the temperature
distributions in a growing carbon filament formed during
catalytic chemical vapour deposition. When a hydrocarbon gas is
passed over a nucleated catalyst surface, carbon is deposited.
Carbon deposits in the form of filaments, carrying the metal

catalyst particle at their free ends. The major factors that
affect the temperature changes in the catalyst particle are

i)The heat generated due to chemical reaction on the exposed p
catalyst surface.

ii)The heat radiated out from the exposed catalyst surface

to the gas phase.
iii)The heat conducted away from the catalyst particle to the

carbon filament.

The Mathematical Model '.L

A rigorous heat balance over the metal catalyst particle p
takes into account the convection and conduction effects to
the gas phase anr' the convection effects into the carbon
filament. A time varying linear differential equation has been
developed which takes account of these effects. Since this
equation becomes very complicated, simplifications were made p
based on the reaction conditions.

From the law of conservation of thermal energy over a control
volume element :

Heat flux in - Heat flux out + rate of generation of heat
in the control volume

- rate of accumulation of heat
in the control volume

L
For thre catalyst particle thiis leads tc (Fig.1 )

log
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_rx c-( TO) h(T-Ta) _ kg d
1/e + A /A (1/e, - 1 )  dr

-Hint 4 r3 Cp'm dT /2Ar2

dt

where Hint is the heat flow across the carbon-iron interface.

The following assumptions were made in developing eqn(l)

a) The catalyst particle were assumed to be spherical when, in

reality, they are pear shaped.
b) There are no temperature distributions in the catalyst
particle itself.

c) The filament diameter is the same as the catalyst particle

diameter. This holds for initial growth periods.

For the reaction conditions cited by Baker in CAEM[1I, the

simplifications were used :

d) The convective and conductive effects to the gas phase were
negligible compared to radiative effects. This is especially
valid since the CAEM technique uses a vacuum reaction chamber.

e) The area of the catalyst particle, exposed to the gas phase -"

is very small compared to the area of the reactor walls. Hence

AI/A2 --, 0.

f) The products formed by the decomposition of acetylene have
negligible amount of hydrogen. This has been experimentally
tested.

g) Thermal steady state is achieved.
h) Mass transfer steady state is achieved.

Calculation of the reaction rate: ',

1) The hydrocarbon used in reference [1] is acetylene, ""

2) The metal used is iron,
3) The substrate used is graphite.

From reference [2) the rate of growth of carbon filaments was
-found to be a function of temperature as

The rate of filament growth(Rg) = 79594.478exp(-9212/T) nm/sec
aT Since we are assuming mass transfer steady state,

* The rate of chemical reaction, rrxn = KRg,

ihP, rrxn7.2 8 3xl0-4exi(-922/T) g moles/sq.cm se.

Swhore E r 2 )/2'r2P
Z'

aM
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Calculation of the heat flux across the carbon iron interface

From the assumption of thermal steady state:
Heat flux across the carbon-iron interface~heat flux across the

filament

Hence from eqn(l), Hin, - kc dTc
dx --------------- )

and Rg dx

we the-corin-dt (ii)
where the coordinate x is the l'iear distance along the direction
of filament growth as shown in Fig.lb.

From (ii) it is clear that dx = Rgdt and substituting the value

of dx in eqn(i);
kc dTc = k, dT,

dx dt (iii)

where dTc is the change in temperature of the carbon filament. 0
Also, from the steady state assumption,

dTc = Cpm dT
Cp,c

Substituting the value of dTc in eqn(iii)
Hi, = kc dT = IM dT kc

dx Cp,c dt Rg %

Calculation of the heat of reaction:

The heat of reaction is calculated using the following equation

AH = AH29s + A(T-298) + (B/2)(T2-2982) + (C/3)(T 3-2983)

where Cp,gdT = (A + BT + CT2)dT

and the gas phase is considered to be acetylene by

simplification (f).

Substituting the above expressions and making the necessary

simplifications in eqn(1)

2rCp,m + kc __m dT. H29 6 + A(T-298) + B1T 2 -298 ) .

3 Rg Cp,c dt 2

C(T-298 ) rr. a- e(T 4 -Wa4 )

--------- -- -- --------- (2)

N N ~ .~ N...-..



Results -

The equation(2) is a first order nonlinear differential

equation which was solved numerically on the computer, using a
third order Runge-Kutta method. The data used for the several

constants used in equation(2) are as follows[4]

The heat of reaction at 25 C for the decomposition of

acetylene is 54194 cal/g mole.
The emissivity of iron oxide is 0.85 to 0.89

To calculate the specific heat of various elements
For acetylene in a temperature range of 298-1500 K
Cp=7.331+12.622x10l3 T-3.889x10-6 T2 cal/deg mole

For carbon in a temperature range of 273-1373 K

Cp=2.673+.002617T-(l16900/T2) cal/deg mole "A
For -iron in a temperature range of 273-1041K

Cp=4.13+0.00638T cal/deg mole S

For a filament of diameter 140 nm the temperature
distribution with time was calculated. Over a time of 40 secs.,

which is the time of growth cited in [1], the temperature was

found to be more or less constant. In effect, the temperature

change is of an order of magnitude less than 10-6 at the

temperature of 1000 K.

Conclusion

The resulth are directly related to the underlying

assumptions. The reaction rate was assumed to be in equilibrium

with the diffusion rate of carbon through the catalyst particle.
If this were so, there would be no surface coverage of the

catalyst particle and the gas phase reaction would not stop in

such a short time.

Also, there could be some poisoning effect that retards the

reaction. Since the actual mechanism of the gas phase reaction
r is unknown, it was impossible to take account of these effects.

M,

. ......
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Future Work

It would be worthwhile to model the system for the unsteady
state process, when the intrinsic chemical reaction rate far

exceeds the rate of diffusion through the catalyst particle.
This would lead to a temperature rise in the catalyst particle,
which would trigger off more reaction, and thus more deposition 0
of carbon. This would lead to full surface coverage of the
catalyst particle and thus the reaction sequence would stop.
Thus, a steady state is never reached.

For the proposed mechanism, it is necessary to find the true
reaction rate on the nickel surface. The reaction rates,
cited in literature are calculated from the amount of carbon
deposited on the metal catalyst. A thorough search for the
intrinsic chemical reaction rate is still underway.

Nomenclature 0

el, e2 = The emissivities of the metal catalyst, the reactor
walls respectively.

Al, A2 = The exposed area of the metal catalyst, the area of the
reactor walls respectively in sq.cms.

T, Ta temperature of the metal catalyst, temperature of
the ambient gas phase respectively in K. 0

kc, kg = The thermal conductivities of the carbon and gas phase

respectively in cal/cm sec K.

The densities of the metal and carbon
respectively in moles/c.c.

Cp,m, Cp,c = The specific heat capacities of the metal and carbon

respectively in cal/mole K
o- = The Stefan - Boltzmann constant in cal/sq.cm sec K4

h Coefficient of convective heat transfer to the gas * -

phase in cal/sq.cm K. 0
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COMMON TA,H,TIMI
READ( *,* )TA,H,TIMI
T=TA
TIM.zTIMI
PRINT*, 'TIME(SECONDS) TEMPERATURE(KELVIN)'
PRINT*,'

55 R1:H4FUNC(T)
IF(ERROR.EQ.-1) GOTO 99
X1=TIMI+0. 5*fI
Yl=T+0. 5*Rl
R2=H*FUNC(Yl)
IF(ERROR.EQ.-1) GOTO 99
X2=TIMI+H
Y2=T-Rl+ (2. 0*R2)
R3=H4FUNC(CY2)
IF(ERROl'.EQ.-l) GOTO 99
T=T. (1.0/6.0) *(R1+4 .0*R2+R3)
IF(T.LT.O)GOTO 98
print*S,tim ,t
TIM=TIM+H
IF(TIM.GE.50)GO TO 10
GO TO 55

S98 PRINT*I'TEMPERATURE NEGATIVE EXECUTION TERMINATED'
G3 PRINT*,'DIVIDE BY ZERO ERROR EXECUTION TERMINATED'

10 STOP
END

REAL FUNCTION FUNC(T)
COMMON TA,H,TIMI
ERROR=0
A1:0 .2129*EXP(9212 .0/T)
if( t.eq.0 .0)ERROR=-l
if(error.eq.-1) goto 100
Al=Al/(2.673+.002617*T-116900.0/(T**2))
Al=Al*(4. 13+.00638*T)
A=(4.13+ .00638*T) *6. 517E-07

Fl=54 194 .0+7.331* (T-298 .0)
Fl =6.31 1E-035 (T**2-298 .0**2) +F1
Fl.- 1. 296E-06 ( T* *3-298.0* *3 )+Fl
FI:F1 *7. 283E-04*EXP( -9212. 0/T)
F2=1 .2E-12*(T**4-TA**4)
FUNC=F1-F2
FUNC=FUNC/A

100 RETURN
END

C---------------------------------------------
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INITIAL TEMPERATURE OF THE CATALYST PARTICLE 800 K

TIME WHEN GROWTH STARTS 10 SECS
TIME WHEN GROWTH STOPS 50 SECS

TIME (SECONDS) TEMPERATURE (KELVIN)

10.000000 800.000000
11.000000 800.000000
12.000000 800.000000
13.000000 800.000000
14.000000 800.000000
15.000000 800.000000
16.000000 800.000000
17.000000 800.000000
18.000000 800.000000
19.000000 800.000000
20.000000 800.000000
21.000000 800.000000
22.000000 800.000000
23.000000 800.000000

26.000000 800.000000
27.000000 800.000000
28.000000 800.000000
29.000000 800.000000
30.000000 800.000000
31.000000 800.000000
32.000000 800.000000
33.000000 800.000000
34.000000 800.000000
35.000000 800.000000
36.000000 800.000000
37.000000 800.000000

39.000000 800.000000
39.000000 800.000000
40.000000 800.000000
41.000000 800.000000
42.000000 800.000000
43.000000 800.000000
44.000000 800.000000
45.000000 800.000000
46.000000 800.000000 S

47.000000 800.000000

49.000000 800.000000
Stop - Prcgram terminated.

w.

141
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INITIAL TEMPERATURE OF THE CATALYST PARTICLE = 900 K

TIME WHEN GROWTH STARTS 10 SECS
TIME WHEN GROWTH STOPS = 50 SECS

TIME(SECONDS) TEMPERATURE(KELVIN)

3 10.000000 900.000000
11.000000 900.000000
12.000000 900.000000
13.000000 900.000000
14.000000 900.000000

15.000000 900.000000
15000000 900.000000
17.000000 900.000000
12.000000 900.000000
19.000000 900.000000
20.000000 900.000000
21.000000 900.000000
22.000000 900.000000
23.000000 900.000000
24.000000 900.000000
25.000000 900.000000
26.000000 900.000000
27.000000 900.000000
28.000000 900.000000
29.000000 900.000000
30.000000 900.000000
31.000000 900.000000
32000000 900.000000

33.000000 900.000000
34.000000 900.000000
35.000000 900.000000
36.000000 900.000000

37.000000 900.000000
38.000000 900.000000

41.000000 900.000000
42 000000 900.00000041.000000 900.000000
42000000 900.000000
43.000000 900.000000
44.000000 900.000000
45.000000 900.000000
46.000000 900.000000

47.000000 900.000000
48 000000 900000000mad
49.000000 900.000000

Stop -Program terminated.

X
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INITIAL TEMPERATURE OF THE CATALYST PARTICLE 1000K
TIME WHEN GROWTH STARTS = 10 SECS
TIME WHEN GROWTH STOPS = 50 SECS

TIME(SECONDS) TEMPERATURE(KELVIN)

10.000000 1000.000000
11.000000 1000.000000
12.000000 1000.000000
13.000000 1000.000000
14.000000 1000.000000
15.000000 1000.000000
16.000000 1000.000000
17.000000 1000.000000
18.000000 1000.000000
19.000000 1000.000000
20.000000 1000.000000
21.000000 1000.000000
22.000000 1000.000000
23.000000 1000.000000
24.000000 1000.000000
25.000000 1000.000000
26.000000 1000.000000
27.000000 1000.000000
28.000000 1000.000000
29.000000 1000.000000
30.000000 1000.000000
32.000000 1000.000000
33.000000 1000.000000
34.000000 1000.000000

34.000000 1000.000000
38.000000 1000.000000

39.000000 1000.000000
34.000000 1000.000000
3.000000 1000.000000
43.000000 1000.000000
42.000000 1000.000000

42.000000 1000.00000043.0UOuuO 1000.00000C

44.000000 1000.000000
457000000 1000.0000000~46.000000 1000.000000 ,/

47.000000 1000.OOOOOO00

48.000000 1000.000000
49.000000 1000.000000

Stop - Program terminated.

OR
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11-4. SILICON AND GRAPHITE SUBSTRATE

PREPARATION

Joseph R. Pollara

Department of Chemical Engineering

Colorado State University

Fort Collins, CO 80523

ABSTRACT: 0

It is the purpose of this work to develop new

methods of depositing nickel and iron onto substrates for 0

CCVD. Ion exchange of nickel onto oxidized single

crystal silicon resulted in no filament growth. The gas

phase decomposition of nickel carbonyl to give nickel

particles was considered unidesirable because of the

toxicity of the gases. The electrolytic plating of iron

onto graphite results in flocculant deposition. The most S

effective method of substrate preparation thus far, is

direct submersion of the graphite into iron snutions. ,j

de



63

INTRODUCTION:

The time consuming process of high vacuum

evaporation led to the investigation of new methods of

substrate preparation. The alternatives under

consideration are ion exchange, nickel carbonyl

decomposition, electrolytic plating and submersion. Both

nickel and iron substrates are being prepared because

acetylene was found not to give filaments at high 0

temperatures on nickel. It is hypothesized that the

nickel is the cause of no filament growth and a

comparison of catalysts is necessary.

PROCEDURE: 0

The primary surface used to prepare silicon

substrates has been silicon wafers manufactured by

AURELtm. The average silicon dioxide thickness on the

surface of the wafer is approximately 10,000 angstroms.

The first investigated method of preparation is a 0

modification of Benesis', et al., paper (1) on preparing

catalysts by an ion-exchange method. Although the

reaction involved does not strictly follow the definitioi

of an ion-exchange it bests describes the chemistry of

the system. Th( desired catalyst to be deposited is

nic-keI and wi I 1 ori g i nate from a hexami ne rii i ( I•I I

solut'ion.
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The method of ion-exchange consists of fixing

metal cations by exchange with ions on the surface of an1S
oxidized silicon wafer. Using nickel as the metal cation

source the method makes use of the exchange of

"Ni(NH 3 )6 §*' with silica. The generic formula follows:

.. ,

1) Add 29.9 g Ni(N0 3 )2 *6H2 0 to 100 ml. doubly

distilled water. (Ni stock)

2) Add 10 ml. of Ni stock to 90 ml. of

NH4 0OH:H 2 0(l:l). (hexamine nickel(II) solution).

4 3) Add variable amount of hexamine nickel(II)

solution to 100 ml. of NH 4OH:H 2 O to alter weight

loadings. This mixture is the reaction bath. ;%

4) Add silica wafer to reaction bath.

In step 4 two groups of silica wafers were

prepared. One group of wafers were scribed using a

diamond scribe, and the other group were left smooth.

Each group was then subjected to various parameter

changes. More specifically, the temperature, residenceo

time, in the reaction bath and weight loading of hexamine

nickhl, (IJ) solut ion "ere run in excess individually in

three different runs for each group of wafers. In this

particular set of expe.riments two balhs %.ere prepred

fW low ig the generi c recipe for prepara3.t ion.
f(,lIt~w ng t e fo
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Another proposed method was to use a nickel

carbonyl gas in a reaction chamber aL high temperatures.

The nickel is deposited onto the surface by the

decomposition of Ni Carbonyl to solid nickel and carbon

monoxide. Although this method is very controlled and

well suited to the needs of this experiment the hazardous

nature of nickel carbonyl makes it an undesirable

alternative.

In order to determine if growth on an iron

substrate in acetylene was at all possible a submersion

process was performed. A number of graphite chips iw'ere

soaked in an aqueous solution of ferrous 5
chloride(FeCl2-4H2 0) for 1 - 3 hours, rinsed and dried

overnight in an oven at 71oC.

The method presently being investigated is an

electrolytic deposition onto Union Carbide Highly

Oriented Pyrolitic Graphite (UC HOPG) using a modified

iron plating bath (Figure 1). Once it was found that

there was a possibility of growth on iron substrates a

more controlled sequence of experiments were prepared.

Using a modification of an iron plating process found in

a book by Blum and Hogaboom (2) a bath was prepared usin g

thi s g6-n r' a I re(cip " 

1) .,d( .150 gram, Fee12. 11120 to 1 litr,, of doubly

distilI I , - at .

2 A l(] I nil . (i .01N 11 .

2) Add small am.,urit (quaii t j ,, crut I F U l.

'V.

%
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A current of approximately 20 milliamps and 1.4 volts was

run through the bath using a copper wire as the anode.

T1,o chips were prepared in this manner; the first being

plated for twenty seconds and the second for one minute.

Table 1 illustrates the conditions of plating a, well as

an indication of whether groith has occurred.

-*ZIP

,,

0,

..
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ELECTROLYTIC PLATING OF IRON ONTO UC HOPG

TABLE 1

€ date prepared sample # time current volts growth

12/10 C5 20 s 2OmA 1.4v none

12/10 C6 60 s 20mA 1.4V none

'N

% %

D N

- ' "

". £,% N NSN N % ' N N
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RESULTS:

The method of ion-exchange produced no

substantially enlightening results except

that silicon wafers do not grow carbon filaments.

The first bath (100 ml) run at excess temperature

held a temperature of approximately 600C. The second

bath (250 ml) was run between 48-520C. The scribed group %

of wafers were all broken in the baths during preparation

because of the harsh stirring conditions of the reaction

bath. The scribed group of wafers produced no carbon

filament growth. The runs made with excess hexamine

nickel(II) solution were prepared with 3.2 ml. and 5.0

ml. in the 100 ml. and 250 ml. baths, respectively. One

scribed wafer was broken and the rest produced no carbon

growth. The last parameter change executed was to run

excess residence time in the baths. Each set of wafers

[] were exposed in the reaction baths for six hours. No

stirring was present in order to prevent wafer breakage.

I..% These wafers also produced no carbon filament growth. N

Upon finding no growth from this method Dr. Steven

Thompson of the Chemistry department at Colorado State

University was consulted. It became apparent that the

surface chemistry of the siI]ca wafers prevented any

- gr'tth from occurring. The near, perfe(t configuration of

the i lano] on the, wafer surface restricts the exchange

- of t Ic hr \ali i n n i cke ( I) C'oHm )i1x.
.. 0.

The. submersion method has revealed that f i ;im,,nt

Y.

.3
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0

growth on pyrolytic graphite is possible. Two of the

chips were run at 7500C and the results were clouded

surfaces and apparent growth on the edges of the chips. 0

SEM analysis revealed growth and possibly the start of

filaments on the first chip, and the second chip had no

filaments and showed only trace amounts of iron on the

surface when tested by EDAX. Another chip was submerged %

into the ferrous chloride solution for an undetermined

amount of time, washed in methanol, rinsed with doubly .

distilled water and dried overnight in an oven at 710C. 

The run conducted on this substrate resulted in straight

filaments. A suspected method of deposition and reaction

was that the ferrous chloride absorbed into the porous

edges of the chips and reduced to iron when hydrogen was

S passed through the reactor at high temperatures. The

reduced iron was fixed and then acted as a catalyst for

the acetylene added at the peak of the temperature ramp

q and held at a constant flow for ten minuLes.

The electroplating method of preparation resulted

in flocculant growth for the two substrates run. It is

thought that the iron deposited onto the graphite was not

present In a large enough quantity to nucleate and act as

an effective catalyst for the reaction.

.1

%
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DISCUSSION:

The key to preparing substrates that produce long,

straight carbon filaments lies in an efficient and

effective method that is easily reproducible.
0

The ion-exchange method is readily assembled

however, it does not work on silicon wafers. In

addition, the harsh conditions of its medium cause r,.

difficulties in maintaining an environment suitable for

deposition.

Nickel carbonyl decomposition is also inadequate

for much of the same reason. That is, the toxicity of

the gas is too hazardous of a risk to make it a viable

alternative. On the other hand, the submersion and

electroplating methods are reasonably simple to constuct,

safe and apparently reproducible.

CONCLUSIONS:

The submersion and electroplating methods of

substrate preparation have expressed the most promise of

all the methods investigated so far. Its flexible

characteristics involving safety, ease of assembly and

reproducibility has proven that it is worthy of continued

r es('ar'n'h and experimentation.
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11-5. GROWTH AND STRUCTURE OF VAPOR-DEPOSITED FILAMENTS ON

GRAPHITE AND SILICON SUBSTRATES

Charles W. Bowers and Ian L. Spain
Department of Physics
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Fort Collins, CO 80523

Carol M. McConica
Department of Chemical Engineering

Colorado State University
Fort Collins, CO 80523

and

Tamsin C. McCormick
Electron Microscope Facility

Department of Anatomy
Colorado State University
Fort Collins, CO 80523

Abstract

Filaments have been grown by catalytic-chemical-vapor-deposition

techniques on graphite and silicon substrates at temperatures from 700-

1000 0C. Nickel catalyst and acetylene/hydrogen reaction-gas mixtures

were used for all experiments. X-ray diffraction examination of the

filaments indicated that those grown on graphite substrat~s were

disordered, and those on silicon between 700-800*C were partially

graphitic. Silicon carbide was formed on the silicon substrates between
S

900-1000'C but was probably not filamentary. The results are discussed

in terms of a model for the growth process.

VV
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Introduction

In a previous paper (1) the growth of partially graphitic filaments

was reported on silicon surfaces from acetylene at 850°C. The silicon a

surfaces were coated with a thin layer of Ni to provide a catalyst for

the growth. The catalyst film forms small spherules on the surface when

the temperature rises to that of the reaction. These spherules then act

as surfaces for the decomposition of the hydrocarbon, and the deposited

carbon deposits under the spheruie, pushing it forward. The filament

then grows outwards from the surface with the catalyst particle at its

end (for a review, see Ref. 2).

The results reported in (1) suggested that the degree of

graphitization of the filament was increased when growth occurred on

silicon surfaces. X-ray diffraction patterns obtained on filaments

grown on graphite substrates under the same conditions showed no

evidence of graphene planes (i.e., (002) reflections were so broad that

the structure was close to amorphous). On the other hand, those grown

on silicon substrates showed well developed (002) reflections, with

interlayer spacing characteristic of a graphitization index (3) of about

0.5. This is similar to the graphitization achieved by heat-treating an

organic precursor such as anthracene to a temperature of about 2200'C. la :

This result is of possible technological significance, since it may

allow high strength carbon filaments to be grown by the catalytic-

chemical-vapor-deposition technique (CCVD) at significantly lov:er

temperatures than those used presently (1100-1200'C) (4). The prescrit

study was carried out to investigate the temperature dependence of the

graphitization index of the filaments.

N17jI
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The present report is provisional, of work that is not yet r

complete.

Experimental Details N

Filaments were grown by the methods described in Ref. 1.

Substrates were either a fine-grain nuclear graphite or single-crystal %

silicon. Table 1 lists the runs that were carried out. Nickel was used

as the catalyst in all cases, 5:1 hydrogen:acetylene for the reaction

gas.

After growth the filaments were studied using x-ray diffractometer

techniques. The surfaces were also studied in a Phillips 505 scanning-

electron microscope to verify that filaments had grown. Efforts are

being made to obtain diffraction patterns using transmission-electron WON

m4.croscopy, but this study is not complete.

Experimental Results

Filaments were grown successfully on graphite substrates from 700-

10000C. Diffractometer traces of the filaments did not reveal (002)

diffraction lines consistent with earlier findings (1).

Filaments grew on silicon substrates between 700-850'C. Three •

representative diffractomeLer traces for the samples grown at 700, 850, ."

and 900'C are shown in Figs. 1-3. In all cases the line at 1.35 A is ,4

from the Si (004) diffraction. The line at about 3.4 A is identified as

the (002) line of carbon. Whenever this line was observed, howex'er. :vo

others at 2.03 and 1.86 A were also obtained. Table 1 summari:es the

powder diffraction lines fiom graphite in this region. It is possibl S

S =
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that the line at 2.03 A is the graphite (101), but the relative

intensities of the (002) and (101) lines are not in accord with the

standard (5). The line at 1.617 A does not fit the standard (Table 1).

No line at approximately 3.4 A was observed in the growth runs at

750, 900, 950, or 1000°C. The d-values of this line are recorded in

Table 2 for different growth temperatures. It is to be noted that the

value decreases between 700 and 800°C growth temperature, then increases

at 850 0C.

No filaments were grown above 850'C. However, many diffraction

lines were observed (see Fig. 3, for example). The lines could not be

indexed on the basis of a-SiC or nickel silicides (5). This agrees with

similar findings in Ref. (1), where sharp diffraction lines were

obtained for growth on carbon substrates which could not be indexed on

the basis of known compounds.

Discussion of Results

The present results suggest that graphitic filaments can be grown

on silicon substrates over a limited range of temperature (-700-800'C).

The diffraction information suggests that the filaments are p. ially

graphitic. Single-crystal graphite has an interlayer spacing of

3.354 A, and fully turbostratic carbon (i.e., the hexagonal layers are

* " stacked in an uncorrelated fashion) a value of 3.44 A. The

graphitization index is usually expressed as a linear interpretation of

these values (3). iligher values than 3.44 A, such as that found for tL?

filament grown at 700'C, are attributed to the presence of interstitial

* ~,atoms pushing the planes apart. It is curious in the present case tVa !I
U %3S **
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the filament grown at 850'C has a lower graphitization index (0.5) than

that grown at 800°C (0.7).

It is clear that the x-ray diffraction information obtained on

these filaments is somewhat ambiguous, and it is important to state that

the observation of a line at about 3.4 A does not definitely establish

the presence of graphitic filaments. Further work is necessary to study

the structure using electron microscope techniques, and this work will %,

be attempted in the next contract period.

One possible model for the growth of CCVD filaments is postulated

by us as follows:

1. Graphitic filaments grown on graphite substrates at %

.5. temperatures >1150'C (6) are associated with liquid catalyst

particles. Carbon-transition metal eutectics are above this

temperature (7), so that either impurities or the effect of

small particle size must be responsible for depressing the

eutectic temperature below its normal value. (Alternatively, %

the dehydrogenation reaction heats up the catalyst particle,

but this could only be significant if the reaction occurs in

bursts since the average temperature rise is too small (8).)

These filaments are tubular in structure with a hollow core

(9,10). %

2. Filaments grown on graphite substrates below about 1100'C have

solid catalyst particles. The facets of the catalyst particles

favoring growth inhibit the formation of graphene laver tubes.

A herringbone structure results (see discussion in Section .

consistent with electron diffraction examination (11). Th(

%.,•%
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small dimensions of the graphene layers prevent the development

of strong (002) x-ray diffractions.

3. The grovwth of partially graphitic filaments at relatively low

temperature on silicon substrates is related to the depression IN

of the catalyst particle eutectic below the reaction

temperature, so that it is in a liquid-like state. The

eutectic may again be depressed below its normal, bulk, value

by the small particle size and by the presence of both carbon

and silicon in the metal.

4. The formation of silicon carbide inhibits the growth of carbon

filaments from liquid-like catalyst particles at higher

temperature.

Several experiments can be carried out to test these hypotheses.

The most valuable would be to carry out structural investigations at the

temperature of the reaction, but this may not be possible. A more

accessible experiment would be to utilize transition metal alloys as

catalysts and to investigate the structural evolution of filaments at

room temperature as a function of th± reaction temperature. A

P0
systematic study of this kind could find a direct correlation between

the eutectics (bulk) and the reaction thresholds for production of

graphitic filaments. One interesting possibility mentioned above is .

that the small particle size lowers the eutectic temperature. It would

be interesting to investigate this experimentally. This may be done

using magnetic measurements. Also, models of the melting could be

developed as a function of particle size.

,%
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Finally, it may be possible to check the ideas proposed here using

computer simulation techniques. These simulations are planned for the

future. 
W
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Table 1. Experimental details of runs.

Catalyst: Nickel, evaporated onto substrates to thickness
of 0 .2 p

Reaction gas: 5:1, H 2/acetylene

Graphite substrate: Poco ZXF-50
silicon; (100) orientation from Monsanto; p-doped
with boron; resistivity 30pm (Lot #9808 SN

190.063312)

Furnace purge gas: Ar/H2 (see Ref. 1)

Furnace profile: See Ref. 1 A

Reaction temperature: 700, 750, 800, 850, 900, 950, 1000, +5 K wit
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Table 2. X-ray diffraction data for graphite from ASTM card file.

(hkl) 002 100 101 102 004

d (A) 3.37 2.132 2.036 1.80 1.682

I/I 100 2 3 1 8

.

%

p. A

i ..
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Table 3. Values of d02for filaments as a function of growth

temperature. 
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Figue Captions '

Fig. 1. X-ray lines for the filaments grown at 700°C. ,

Fig. 2. Xrylines for the filaments gonat 850°C. 0
X -raygrow

~Fig. 3. X-ray lines for the filaments grown at 900°G.
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11.6 THICKENING OF EX-PAN CARBON FIBERS BY CVD TECHNIQUES

Frank Dillon, Carol McConica and Ian L. Spain

Departments of Physics and Agricultural and Chemical
Engineering

Colorado State University
Fort Collins, Colorado 80523

1. Abstract

Ex-PAN carbon fibers were thickened to varying degrees

by CVD of hydrogen/acetylene gaseous mixtures. This

pyrolysis of the mixture can produce two distinct forms of

carbon: (1) lamellar pyrolytic carbon and (2) colloidal

0
soot. Lamellar carbon is favored when the partial pressure

of acetylene is low. The reaction conditions (partial

pressure of acetylene, total gas flow and time) were varied

to optimize the thickening rate and minimize nonuniform

thickening along the length of the fiber. The same reaction

mechanisms controlling the thickening of CCVD filaments

appears to control the CVD thickening of ex-PAN carbon

fibers. The carbon microstructure revealed by detailed SEM ZI

observations of the fracture surfaces of CCVD filaments and

thickened ex-PAN carbon fibers appears to be similar. Both
are composed of concentric rings of pyrolytic carbon.

ZV
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2. Introduction

Catalytic chemical vapor deposited (CCVD) filaments

have superior structural characteristics relative to

polymer-based (e.g., PAN) carbon fiOers (Dresselhaus et al.,

1987). They can, however, only be produced in finiteF6
lengths whereas polymer-based carbon fibers can be proouced

in continuous lengths. This limitation on the length of the

CCVD filament restricts its utilization in a variety of

applications.

Recently, workers such as Matsumura et al. (1985) and

Shioya et al. (1987) have produced composite carbon fibers

(i.e., a polymer-based carbon fiber coated with pyrolytic

carbon) by CVD and plasma-assisted CVD, respectively. The

carbon is deposited from a gaseous reaction mixture of
0

hydrogen and hydrocarbon (e.g., benzene and cyanoacetylene).

The pyrolytic carbon is deposited in concentric rings around

the polymer-based carbon fiber. The rate of deposition is -0
primarily controlled by the partial pressure of the

hydrocarbon, the ratio between the surface area of the

carbon fibers and the volume occupied by the pyrolyzing gas,

the temperature and by the overall gas flow.

The pyrolysis of a hydrogen-hydrocarbon gaseous mixture

results in a complex series of chemical reactions
0

(dehydrogenation, condensation and aromatization) which,

depending on the reaction conditions, can produce two

distinct forms of carbon, lamellar pyrolytic carbon and
0

jr.,
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colloidal soot. During the CVD process, an entire series of

molecular species are generated ranging in size through

aromatics to complex transitional molecules of low hydrogen

content and high molecular weight (Bokros, 1969). Colloidal

soot is formed when the pyrolyzing atmosphere becomes

supersaturated with high molecular weight macromolecular

species which homogeneously nucleate to produce gas-borne

carbon particles. The lamellar pyrolytic carbon is formed

when the carbon macromolecular species condense directly

onto the deposition surface, in this case ex-PAN carbon

fibers.

During this work, single ex-PAN carbon fibers were

coated to varying thicknesses with pyrolytic carbon by CVD

of hydrogen/acetylene mixtures. The reaction conditions

such as the partial pressure of acetylene, the overall gas

flow, and the reaction time were varied in order to optimize

the production and deposition of pyrolytic carbon.

Koyama and Endo (1974) state that the development of

CCVD filaments occurs in two distinct phases:
Jp.

(1) An initial growth stage which produces thin

filaments, and

(2) A thickening stage where the filaments thicken due

to pyrolytic carbon deposition on the filament

sides.

Tnere is a critical temperature, 1040C, above which

the thickening process becomes important and below which tne

growth of the filament is favored (Enco and Koyam3, 1977).

L~
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However, Oberlin et al. (1976) believe that it is impossible

to separate both stages in the development of CCVD filaments

Ubecause they are statistically concomitant, though

AA successive for a given part of the filament. It seems

conceivable that the secondary stage can be utilized in the "S
CVD thickening of ex-PAN carbon fibers. Consequently the

heat treatment temperature (HTT) for the CVD process during

this work was set at 1100"C, which is above the temperature

at which thickening starts to become important in CCVD.

II. Experimental Details

CVD thickening of single ex-PAN carbon fibers

Single ex-PAN carbon fibers were fixed with a colloidal

graphite adhesive (LADD colloidal graphite) to a graphite

(nuclear grade) substrate. The fibers were heat treated in %

a resistance furnace in a steady stream of hydrogen gas
-l

(99.999 percent) to 1100,C at a heating rate of -1 sec .

At llO0C, a known quantity of acetylene gas (99.7 percent)

was allowed to flow into the system, mixing with the

hydrogen to form the gaseous reaction mixture. The flow .

rates of hydrogen and acetylene were controlled by

individually calibrated Cole-Palmer gas flowmeters. The

temperature of the furnace was controlled by a Leeds

Northrup temperature controller so the CVD was carried out

at atmospheric pressure (-632 torr in Colo:ado) and for

period5 of time ranging from 60-IlU minutes.

,%
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SEM observations were carried out using a Phillips

series 505 scanning electron microscope, typically operatino

at an acceleration voltage of 20 kcV. The thickened fibers

were gold coated (plasma deposited) prior to SEM analysis.

III. Experimental Results

I1-1 Fiber Growth Conditions

According to Koyama et al. (1972), the optimum partial

pressure of the hydrocarbon (benzene) for the development of

CCVD filaments is 180 torr. Therefore the partial pressure

of acetylene in the first two runs was set at approximately

180 torr (see Table 1 for exact partial pressures). At this

partial pressure, the pyrolyzing atmosphere became

* supersaturated with carbon macromolecular species which

nucleated to form soot so that the ex-PAN calbon givers in

- .%, Runs 1 and 2 were coated with colloidal soot and lamellar

pyrolytic carbon (Figure 1).

In the next series of runs (3, 4 and 5), the partial

pressure of acetylene was reduced approximately by half to

avoid the supersaturation of carbon macromolecular species

in the pyrolyzing atmosphere. This reduction in the partial

pressure of acetylene eliminated the production of soot and

enhanced the deposition of pyrolytic carbon (Figures 2, 3

and 4). The reaction conditions iin Runs 3-5 were kept

constant except for the reaction time which ranged from 6C

minutes in Run 3 to 180 minutes in Run 5. In all of the

A,
.~~
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FIGURE 1. Photomicrograph showing an ex-PAN carbon fiber coated
with colloidal soot. There is also a thing veneer of
pyrolytic carbon deposited around the fiber.

FIGURE 2. Photomicrograph of two ex-PAN carbon fibers that have
been thickened by a vitreum phyrolytic carbon.
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FIGURE 3. Photomicrograph showing a single ex-PAN carbon fiber
thickened by concentric rings or pyrolytic carbon.UNote the "droplets" on the surface of the pyrolytic
carbon. These droplets represent the intermediate
stage between direct deposition of pyrolytic carbonsLonof soot.

FIGURE 4. Photomicrograph clearly shows the concentric tines
of pyrolytic carbon surrounding the ex-PAN carbon fiber.
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runs, the CVD process was dominated by the production and

deposition of pyrolytic carbon. There is a rapid initial

rate of thickening (Figure 5). This rate tails off at about

4 pm (120 minutes) reaction time. A possible explanation

of this phenomenon is that as the thickness of the pyrolytic

carbon deposit increases so does the surface area available

for deposition. Hence, if the surface area is increasing,

but the amount of hydrocarbon and thus carbon available for

deposition remains constant, there is a consequent reduction

in the rate of thickening.

From detailed SEM observations of the thickened fioers

from Runs 3, 4 and 5, it appears that there is nonuniform

deposition of pyrolytic carbon along the length of the

fibers. The nonuniform deposition is due to a concentration

gradient of pyrolysis products in the reaction chamber, the

pyrolysis products being more concentrated at the gas inlet

portion of the reaction chamber. By increasing the overall

gas flow, this concentration gradient can be considerably

reduced and hence the CVD, along the length of the fibers.

It also increased the rate of thickenirg substantially

(Table I).

The surface texture of the thickened fiber can be

V altered by increasing the partial pressure of hydrocarbon or

by increasing the total flow rate of gas. At lower partial

pressures of hydrocarbon or low flow rates, the CVD carbon

surface is smooth and essentially featureless. As the

Qartial pressure nf hydrocarbon or the total flow rate of
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gas is increased, the CVD carbon surface becomes roughened

and the surface of the thickened ex-PAN carbon fiber takes

on a granular appearance (see Figures 6 and 7). This is

potentially a very useful feature if the thickened ex-PAN

carbon fibers were to be used in composites. The surface

irregularity increases the surface area available for

wetting thereby enhancing tie mechanical bonding between the

fiber and the matrix material.

As the structural order of carbon materials improves so

does the oxidation resistance (McKee and Mimeault, 1973).

This is simply due to the reduced number of exposed

prismatic edges present in the more ordered carbon

materials. The prismatic edges are orders of magnitude more

reactive to oxygen than the basal planes. Therefore, if the

pyrolytic carbon coating surrounding the ex-PAN carbon fiber

is more ordered than the outer layers of carbon in the

ex-PAN carbon fiber, there will be a consequent improvement

in oxidation resistance. Another reason for an improvement

in the oxidation resistance of thickened ex-PAN carbon

fibers is that the pyrolytic carbon does not contain the

trace transition element impurities inherent in ex-PAN (and

pitch) carbon fibers. It is well known that trace

transition element impurities act as catalysts in the

oxidation of carbonaceous materials (McKee, 1970a; McKee,

19700). Since the pyrolytic carbon can be produced with

virtually no trace elements present, it acts as a protective
a
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FIGURE 6. Photomicrograph of a thickened ex-PAN carbon fiber.
The surface of the pyrolytic carbon is smooth. (For
reaction condition see Run 5, Table 1.)

FIGURE 7. Photomicrograph of a thickened ex-PAN carbon fiber.
The surface of the pyrolytic carbon deposit is
roughened. (For reaction conditions see Run 6,
Table 1).
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however, that pyrolytic carbon coating is not a solution to

high temperature (>2000C) oxidation resistance. Other

coatings such as SiC and BN have been developed for such

purposes (Dresselhaus et al., 1988).

111-2 Kinetics of the CVD Thickening Process

Two experiments were carried out to determine how flow

rate and acetylene influence the observed thickening rate of

the filaments:

(1) Where the partial pressure of acetyle-e was varied

in each run while maintaining a constant overall

gas flow (108.5 cm3 min -1 ) 'see Table 2), and

(2) Where the partial pressure of acetylene was varied

in each run in an excess of hydrogen. The gas

flow rate of hydrogen was kept constant at

1000 cm3 min -1 , in each of the CVD runs (see

Table 3).

Calculation of the rate from thickness of CVD carbons

The rate of the CVD thickening reaction is calculated

from the thickness of CVD carbon:

'i r2



101 I

Volume of pyrolytic carbon deposited = L_7r 2 - r

= L [r( r 2  -r 1

where r 3.5 x 10-6 m. 1I

S moles S volume molesRate -t-x
St t volume

Sv p carbon
St M carbon

L [Tr r2  r r2 ) R N
2 1 Mc t

L : L(cm)

r : r(m)

pc = 2.25 g/cm3

Mc = 12 g/mole

t = 120 min

rate = L. po (r 2  - r x 10 cm2

t M mz

The data are given in Tables 2 and 3. Plots of rate
versus acetylene are given in Figures 8 and 9. 1

I
I,.

I
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TABLE 2. Carbon deposition rate at low total flow.

Expt PH2 I
HtH r 2 - r rate x 10

(torr C2 2  6
(torr) (torr) (xlO m) (moles/min)

1 608 24 0.4 5

2 582 50 1.5 22

3 563 69 17.0 697

4 531 101 23.5 1224

All depositions at 1100C, 108.5 cm 3/min total flow and 0

120 min.

Pseudo 4th order rate constant 4.lx 18 14 mole- min-

!S
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5TABLE 3. Carbon deposition data at high total flow.

Expt PH2 PC2H r2 - r 1 rate x 1010

(torr) (torr) (xlO 6 m) (moles/min)

1 618 14 0.5 6.3

2 604 28 14.5 533

3 590 42 16.5 663

4 564 68 33.5 2317

1100C, 1023 - 1121 cm/min total flow, 120 min.

Pseudo 4th order rate constant = 41 x 10 14 mole - 3 min - 1

0

.4

0

t0
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FIG. 8
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FIG. 9
DEPOSITION RATE AT HMGH TOTAL FLOWS
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From a plot of in rate against In[C 2H] , a straight

line with a slope of n (pseudo reaction order) is obtained.

For experiments 1 and 2, orders of 4.1 and 3.7 were

obtained, respectively (see Figures 10 and 11).

The most significant result from the two experiments is

that increasing total flow increases the deposition rate

indicating a strong mass transfer effect. A pseudo rate

. constant can be found by assuming 4th order kinetics.Increasing the total flow by a factor of ten also increases

the pseudo reaction rate constant by a factor of ten.

It seems likely that a gas-phase precursor is involved

in the CVD reaction, but it is not apparent from the

reaction kinetics in this case. To establish if indeed a

gas-phase precursor is involved in the CVD reaction, a

series of CVD runs must be carried out where the total flow

pr rate of gases increases while the partial pressure of

hydrocarbon and hydrogen remains constant. Ultimately

there will be a stage at which, due to the high gas flow

rates, there will not be enough residence time in the

reaction chamber for a gas-phase precursor to be formed and

the only reaction involved will be confined to the surface.

To establish even an empirical reaction mechanism of

the CVD process is extremely difficult. There are many

complex chemiccl reactions involved and a variety of

LO products depending on the reaction condition. Before a

reaction mechanism can be postulated, more experiments will

be needed to first verify that the above measured rates
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FIG.10
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FIG. 11
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represent kinetics rather than mass-transfer or flow rate

limitations, and secondly to clearly correlate the

thickening rate with the in situ gas compostion.

IV. Conclusion

Ex-PAN csrbon fibers can be uniformly thickened by CVD

from a gaseous reaction mixture of hydrogen/acetylene. The

rate of thickening can be enhanced by increasing the partial

pressure of the acetylene and the flow rate of the gaseous

reaction mixture. This can be explained when one considers

that as the overall gas flow rate is increased, the

nucleation time for the development and subsequent growth of

soot is greatly reduced. Thus there are more carbon N

macromolecular species available in the reaction chamber for

direct deposition onto the ex-PAN carbon fibers. The

increased flow rate also counteracts the natural tendency

for a concentraton gradient of pyrolysis products to be set

up in the reaction chamber. By increasing the flow rate of

gases, the concentration gradient is reduced and deposition

along the reaction chamber and therefore along the length

of the ex-PAN carbon fibers is more uniform.

There are two possible routes for the pyrolysis

process. At high partial pressures of acetylene (above the

supersaturation point), colloidal soot will be formed. At

lower partial pressures of acetylene, lamellus pyrolytic

carbon will be formed. In order that the CVD thickening of

[S
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ex-PAN carbon fibers is as efficient as possible, the

partial pressure of acetylene must be set just below the

supersaturation point.

It seems likely that the mechanism controlling the

thickening stage in the growth and development of CCVD

filaments also controls the CVD thickening of ex-PAN carbon

fibers. Tentative proof that such a relationship exists was

found when CCVD filaments were developed from the nuclear

grade graphite substrate during the CVD thickening of ex-PAN
0

carbon fibers. The CCVD filaments were straight and uniform

in diameter (5 um). Detailed SEM observation of the CCVD

filaments fracture surfaces revealed a very similar carbon

microstructure to that of the pyrolytic carbon deposit

surrounding the thickened ex-PAN carbon fibers (Figures 14

and 15). Both are composed of concentric rings of pyrolytic

carbon. The type of catalyst responsible for the growth and

development of the CCVD filaments has not as yet been

identified. It seems likely, however, that the catalysts 0

were Fe particles generated from an iron containing

contaminant in the reaction chamber. In subsequent

experiments, the reaction chamber was heat-treated in air to

oxidize any metallic contaminant before each CVD run. As a

result, there was no further CCVD filament growth.

V. Future Work 0

The characterization of the thickened ex-PAN carbon I
fiers will be carried out using x-ray diffraction and 0

F"
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resistivity measurements. Both techniques yield information

on the structure of the pyrolytic carbon.
0

Single filament tensile tests will be performed to

assess the effect of varying thicknesses of pyrolytic carbon

on the strength of the ex-PAN carbon fiber.

Further CVD reactions will be carried out to determine

the kinetics of the CVD reaction and propose a reaction

mechanism.

3 0!

i.1

0
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11.7. SOME SPECULATIONS CONCERNING GROWTH FEATURES ON

CARBON SURFACES DUE TO ION-BOMBARDMENT

William A. Solberg and Ian L. Spain

Department of Physics
Colorado State University

4Fort Collins, CO 80523

Abstract

Cones with long filaments at the tip grow on carbon surfaces when

bombarded with argon ions of energy in the -1 keV range. A recent model

for their nucleation and growth uses the concepts of rapid surface

diffusion and supersaturation of sites. This model does not explain the

increase of the surface density as the substrate temperature increases.

It is proposed that this feature can be explained by postulating that

nucleation sites are poisoned at lower temperature by an impurity such

as hydrogen. Also, the growth occurs in three stages--firstly

nucleation, followed secondly by redeposition of sputtered atoms on the

initial growth features, with filaments growing thirdly by a process

which may be associated with rapid surface diffusion, possibly enhanced

by the presence of high electric fields at the filament tips. The

results of simple calculations supporting the contention that

redeposition is an important process are reported, followed by

suggestions for further experimental work.

A*
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Growth of sub-micron sized carbon whiskers have been observed on a

graphite surface after directed ion bombardment with energetic argon

ions (-500 eV) (1,2,3). The growth features often have conical bases

with filament-like tips with a high aspect ratio as shown in Fig. 1,

indicating a growth phenomenon rather than an erosion process.

tAn extensive study by Floro, Rossnagel, and Robinson (3) was

carried out on the growth of carbon whiskers by ion bombardment of

polycrystalline carbon surfaces. Ion bombardmeuC Limes and iU energies

were systematically varied to observe the effects on whisker growth.

The lengths and diameters of the whiskers were examined with increasing

bombardment time. The results showed that an initial smoothing of the

substrate surface preceeded a rapid growth spurt after a dose of

-l.8xlO1 9 ions/cm , and that a slower increase in the length and the

diameter followed. It was also noted that second-generation whiskers

started growing with first-generation whiskers being destroyed, keeping

the whisker surface density constant in time. The volume of the

whiskers versus increasing ion beam energy was also studied (3). The

results showed a. decrease in the whisker surface density and an increase

in volume per whisker with increasing beam energy. The combined effects

resulted in a linear increase of the volume of whiskers per unit

substrate area with increasing beam energy.

A model, based partly on the experimental results of the current

study for the nucleation and growth of the carbon whiskers (4) was

proposed by Van Vechten (5). The model was based on kink-site

saturation, a concept used to explain molecular beam epitaxial growth of

AlGaAs alloys (6). The kink-site saturation model supposes the carbon

supply to arrive trom mobile surface atoms produced by the ion

%I
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bombardn.ent of the graphite surface, rather than sputtered carbon atoms.

A critical ion current density was postulated to supply carbon atoms at

a fast enough rate to achieve saturation of the kink-sites before theU
atoms can reattach to the graphite lattice. The critical ion current

density has not yet been observed experimentally. Also, after a mobile

carbon atom attaches to the kink-site, a time is required for it to

release its energy before another carbon atom may attach. The

saturation of kink-sites then leads to the nucleation of cone-like

structures. These kink-sites are proposed to be screw dislocations to

provide a perpetual growth step. The whiskers then grow from the tips

of the cones. Other kink-sites, such as edge atoms, provide attachment-

sites for the initial smoothing of the surface as observed (3). Also,

the observation that seeding the substrate with impurities inhibits

wl-isker growth (3) can be explained by this model because the impurities

provide more sites for attachment, so that saturation of the kink-sites

cannot be achieved.

The emphasis of recent experiments (4) was to study the temperature

dependence of the surface density. All substrates were pyrolytic

graphite, bombarded with 700 eV argon ions at a current density of

0.75 mA/cm 2 for 60 minutes. This provided an ion dose of

1.7x101 9 ions/cm . The substrate temperature was varied over a range of

-150'C to 450°C. As shown in Fig. 2, the surface density of whiskers

increased from approximately 105 to 108 whiskers/cm at approximately

250°C with no whisker growth below -30°C.

This increase in surface density with temperature is opposite to

that observed for the density of (erosion) surface features caused bv

ion-bombardment of metallic surfaces in the presence of impurity

K A
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seeding. A diffusion-controlled phenomenon was postulated to explain

these phenomena, whose activation energy can be obtained from analysis

of the temperature dependence of the surface density (7). 0

A possible mechanism to explain the increase in whisker density

with increasing temperature in the present case is that a gaseous

contaminant poisons the kink sites, and is released from the substrate

upon heating. A gaseous contaminant that is difficult to control and

detect is hydrogen. It has been shown that there is an enhanced

reactivity of graphite with hydrogen under electrqn bombardment, as

observed by enhanced methane production (8,9), for reaction temperatures

above -230°C. This is approximately the same temperature where a

substantial rise in whisker density is detected. It is postulated that

hydrogen at the kink-sites is then released, providing a site for carbon

attachment. A rise in whisker density with increasing temperature would Y

then result.

Although Van Vechten's model for the initial growth features

appears to fit the experimental data qualitatively (5), it cannot

account for the continued growth of the cones and whiskers, since the p

required surface diffusion distance of the ions from the bases of the

features to the tips would be too great. Accordingly, an alternative

method for the supply of carbon atoms to the whiskers by sputter

redeposition rather than by surface diffusion alone was investigated.

After the initial diffusion to the kink-site as described earlier (5), a

microstructure is formed on the surface. Once a surface feature

appears, there is some probability that sputtered carbon atoms mav

impinge this microstructure and reattach.
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An approximate calculation shows that sputtering can supply the

needed number of carbon atoms. The sputter-rate of carbon has been

measured to be 40 A/minute for an ion beam energy of 500 eV and current

density of 1 mA/cm 2 (10). Thus, approximately 5x10
1 7 carbon atoms/cm

2

are sputtered off a surface after bombardment during the time interval

2
4-15 minutes at 700 eV and 0.75 mA/cm 2

. For this time interval

experimental data give the volume change of the growth features as

corresponding to about 8xO16 /cm 2 atoms. This is approximately 15% of

those sputtered.

A calculation was made assuming a cosine 8 distribution for the

sputtered atoms, where 6 is the angle made by the sputtered atom with

the normal to the surface (Fig. 3). The rate of arrival of atoms, I, at

a point on a conical feature of radius W/2 from a point on the surface

distance r from the original nucleation site (Fig. 3) is then:

I - 4nO I I (r + W/2) cos a ancsin [_:r-- dnd

0 80+

where 4 is the sputtered flux and W is the width of the base. This

expression was integrated numerically assuming a cone-like shape for the

growth-fenture, neglecting any whisker at the tip, but taking into

Iaccount the obscuration effect of other growth-features through the

parameter R. The cone-like shape was approximated as progressively

smaller stacked cylinders. The results are presented in Table I for two

possible structures of carbon, namely diamond and graphite, although

neither is appropriate to the growth-features obtained experimentallv.
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However, the density of disordered carbon in the cones is probably

intermediate between the two cases.

As shown in Table 1, there is enough carbon arriving via B

redeposition (>100%), although a smaller proportion for the first four

minutes of bombardment. This may suggest a different mechanism for the

initial growth such as the kink-site saturation mechanism (5). This

supports previous work (3) showing an initial growth spurt for whiskers

grown on polycrystalline graphite. The table shows that there are

enough carbon atoms supplied by sputtering alone, although the whiskers

could not grow in length if there was not some movement of carbon atoms

to the tip of the whisker. The over-estimation of carbon arriving may

be due to some sputtering and diffusing of atoms off the whisker. The

cone-like shape of the whiskers at high temperatures (>300°C) could be

explained because more carbon is redeposited at the base of the whiskers

than at the tip. This would cause the whiskers to be cone-like in

shape. The appearance of the long filaments at the tip of some whiskers

may occur because the carbon redeposition to the sides of the whiskers

have enough energy to migrate to the tip and find an attachment site.

The above mechanisms of growth do not explain why filaments grow

from the tips of some cones. One possibility is that high electric

fields in the plasma near the tips cause ions on the surface to drift

towards the tips. However, this possibility is not consistent with the

bgrowth of filaments at an angle to the surface, but parallel to the ion-

bombardment direction, when the beam is at an angle to the surfice

normal (3). In this case the electric field remains parallel to the

normal. Nor is it consistent with the obs-rvation (see Section 11-8)

that filaments sometimes grow on rounded cones, or even on the surf. •

[ ,'t
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It is possible that the diffusion length of mobile carbon atoms on the

surface of the cones is sufficiently long for growth to occur by

diffusion. For instance, diffusion lengths of 10 Mm are possible for

surface atoms on a bombarded surface.

Another feature which needs to be explained is the change of shape

of the growth features as temperature changes. Below about 200°C more

cylindrical structures are observed, while more conical features with

filamentary tips occur at higher temperature. This may also be related -'

to a diffusion-related phenomenon, where higher mobility at higher

temperature allows carbon atoms to arrive at higher rates at the bases.

There are no experimental data for the rate of ion-enhanced diffusion

for carbon, so that thip cannot be modeled at the present time. It is •

possible that the presence of surface hydrogen is crucial for the arrest

of surface diffusion below 200°C. Thus, the change of shape and surface

density of the filaments with temperature may be interrelated.

Several experiments can be suggested to test some of the ideas

expressed in these models.

1. A critical parameter in the nucleation phase is the ion current

density, which must be greater than a critical value for

supersaturation to occur (5). This has not been observed,

possibly because this parameter has not been varied over a

sufficient range.

2. It should be possible to detect the evolution of hydrogen from

the nucleation sites during the initial bombardment by using a

residual-gas analyzer. The release of hydrogen could be

signaled by the detection of methane, on other hydrocarbons.

due to reaction of the hydrogen at the nucleation sitE

% .. .. .. ..I%
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0
Evolved gas should increase significantly as the temperature is A

increased around 230C (9). %

3. A test of the sputter-deposition postulate could be carried out

by initially bombarding the surface at a temperature such as

400°C, creating many sites for growth of features, then cooling

the surface to a temperature such as -30*C at which no growth

was observed when the bombardment was carried out completely

under these conditions. Once the initial growth features are

established at high temperature, they should continue to grow 5

at low temperature by sputter-redeposition.

4. It would be of interest to carry out experiments in controlled

atmospheres of hydrogen. Thus, the influence of hydrogen on

the nucleation density and diffusion rates (shape) could be

tested.

5. The above conjectures can be tested with computer simulations
~of growth. This work is planned in the next contract period.
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Table 1. Atoms redeposited compared with atoms needed for growth.

Diamond Graphite
Growth Str. Str.
Time Atoms Atoms for Atoms for H W 0
(min) Redeposited Growth Growth (Am) (Pm)

0-4 5.3x107 3.OxlO 180 1.9x108 280 0.1 0.1

4-15 1.5x109 4.3xI08 350 2.8xi08 540 1.5 0.1

15-60 4.9x I10 1.6xlO10 310 9.7xi09 500 5.4 0.4

60-120 6.9x10 3.9x10 180 2.5x10 280 5.0 0.5

0
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Figure Captions

Fig. 1. Micrograph and illustration of cone and filament parts of high
temperature whisker sample.

Fig. 2. Whisker density vs. adjusted temperature.

Fig. 3. A sketch of a filament and cone showing notation used in the
text.
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Fig. 1. Micrograph and illustration of cone and filament parts of high

temperature whisker sample.
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Fig. 2. Whisker density vs. adjusted temperature.
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Fig. 3. A sketch of a filament and cone showing notation used in theI. text.
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Abstract

Growth features produced by ion bombardment from a plasma on three

types of carbon and one silicon substrate have been studied. Plasmas

were struck in pure Ar, Ar/H 2, Ar/propane, and Ar/methane mixtures at 0

5% and 10% concentrations. It was found that the cone/filament features

grown were dependent on the substrate and the plasma composition. In

some instances filaments were found to grow directly from the substrate. 0

No straight filaments were observed. The experiments are discussed

briefly in terms of models for the growth processes.

Permanent address: Hughes Aircraft Co., P.O. Box 902, El Segundo,
CA 90245.
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Introduction

Carbon filaments can be grown by bombarding carbon surfaces with

energetic ions, such as 1 keV Ar+ ions. The first observation of this 0

growth was in an Ar+ plasma (1), but all subsequent work has been

carried out in systems with ion guns (2-4). There appear to be some

differences in the results obtained by the two methods. Most 0

importantly for obscuration applications is the difference in the shapes

of the filaments grown in the plasma (1), which were reported to be of

constant diameter, whereas those grown with ion guns are tapered, with 0

conical bases.

It has been conjectured (4) that a higher concentration of hydrogen

in the ion gun induced plasmas may be responsible for the conical •

structures, although the mechanism has not been discussed in the

literature. It was proposed that hydrogen poisons the nucleation sites

(5), possibly screw dislocations (4), thereby limiting the density and

shape of the filaments. Hydrogen is always present in vacuum systems,

both in elemental form and in molecular form. Stainless steel vacuum

tubing, unless specially electropolished, constantly outgasses hydrogen 0

that permeates through the tubing walls. However, the largest source of

hydrogen within a high vacuum system is water. Water will decompose

within the plasma and form large quantities of elemental and ionic 0

hydrogen. High temperature vacuum baking (>400'C) and electropolishing

will reduce the quantity of hydrogen within a vacuum system, but it can

never be eliminated completely. Metallic impurities have also been

shown to inhibit filament growth (3). Some investigators believe this

.
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is due to the creation of an overabundance of nucleation sites and a

lack of sufficient mobile carbon atoms to supersaturate them (4).

The only controlled experiments which have resulted in shape

changes were those in which the substrate temperature was varied.

Conical growth features with filaments on the ends were obtained at

higher temperature, and more cylindrical features at lower temperature

(4). These experiments, carried out with bombardment from ion guns (4),

did not result in the growth of filaments with uniform submicron

diameters.

This report describes the results of some experiments to grow

carbon filaments from plasmas. Experiments similar to those of Cuomo

and Harper (1) were carried out to ascertain whether straight filaments

could be grown reliably by this method. In addition, further

experiments were conducted in which hydrogen was introduced

intentionally into the plasma, and others in which a hydrocarbon was

introduced. Different carbon substrates were employed, as well as one

of Si.

II. EXPERIMENIAL DETAIIS

Experiments were carried out in a large rectangular plasma system

enabling a flat-plate area of -75x400 mm to be bombarded. The chamber

was pumped to 10"6 torr before introducing gas, and operated at 3.8 pm

pressure. Plasma input power was 600-800 W at 2-3 A, so that the

bombardment energy was 200-300 eV or less after collisions. High purity

Ar, H2  methane, and propane were used in the plasma. Details of the

runs are given in Table 1.

VAL,
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Several substrates were bombarded simultaneously in the chamber.

Details of the carbon/graphite and silicon substrates are given in

Table 2. Each was in the form of rectangles of size -50xlOO mm.

Samples 1 and 2 are nuclear-grade graphites for which the crystallite

dimensions are 4 and <1 pm respectively. These polycrystalline

materials ensured that both basal and prismatic surfaces of crystallites

were exposed to the ion-bombardment. On the other hand, Sample 3 was

prepared from pyrolytic carbon, in which the c-axes were aligned

parallel to the surface. Accordingly, only prismatic surfaces (the ends

of the hexagon planes) were exposed to the ions. These samples appeared

to have delamination cracks running along the surfaces. They were of

interest for practical reasons as well as scientific, since this

material is used to coat the Princeton Tokomak chamber.

Samples were examined before and after bombardment in a

Phillips 505 scanning electron microscope using beam energies of D

typically 25-30 keV. Chemical composition was studied in some instances

using an EDAX technique with a Be window.

Experimental Results

Arfon Plasma

The first experiment was carried out to follow as closely as

possible the conditions of the original experiment of Cuomo and

Harper (1). The radio-frequency plasma was struck without a DC bias.

No filaments were found on the substrate. It is probable that a DC bias

is needed to excite the bombarding ions to greater energies than those

used in the present experiment.
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All subsequent experiments were carried -ut with DC plasmas. The

second experiment, in which a DC plasma was struck in pure Ar with a

small concentration of H2 contaminant from the chamber, indicated that ai011 2

surface density of cones -10 m was obtained on Substrates 1 and 2,

but that very few filaments were obtained (Fig. 1). This contrasts with

the results in Ref. 1, where no cones were reported, and a high density

of straight, uniform filaments. Figure 2 illustrates the inhomogeneous

growth on Substrate 3, where higher growth density is observed at the

edge of a crack. It is noted that filaments are growing from the

smaller, rounded features rather than sharp cones.

It is emphasized that the conditions used in the experiment of

Cuomo and Harper need to be duplicated exactly in order to investigate

their filaments of uniform diameter. Small differences in the

conditions may lead to different results. Unfortunately, their

apparatus is no longer available, so that further work will be needed to

investigate their result. It is planned to carry out this experiment in

the next contract period, and Cuomo and Harper are attempting to define

the conditions used in their experiments more closely.

ArL! 2 Plasmas

The second experiment used a mixture of 95% Ar and 5% H2 for the

plasma. A higher density of cones with filamentary tips were found on

the carbon substrates, but not on the Si, as follows:

(a) Graphite Substrate.l: Figure 3 shows that a high density of cones

(about 10 12/m 2 ) was formed on the substrate. These cones are of

different heights, and only the smaller ones have filaments of

,|
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diameter -1 pm growing from the tips. The larger ones have rounded

Itips.
(b) Graphite Substrate 2: Similar results were obtained on this

substrate, and Fig. 4 illustrates a rounded cone end with a radius

of curvature of about 0.5 pm.

(c) Graphite Substrate 3: In this case it was found that the growth

was inhomogeneous, as illustrated in Fig. 5. Examination of the

smaller cones growing in the region of sparse growth indicated

filaments growing from the tips (Fig. 5a). They are not straight,

- and have diameters of -0.1 pm, about 10% of the dimensions of those

above.

(d) Si Substrate: A growth feature of -30 pm diameter was found on the

surface, as illustrated in Fig. 6. At the time of these

experiments it was not possible to carry out windowless EDAX

measurements, so that the composition of the feature cannot be

determined.

Another set of experiments was carried out with 90% Ar and 10% H2.

Similar results were obtained as above, summarized by stating that the

densities of cones were hi-her in these two experiments than in others

(below), and inhomogeneous growth was observed in the case of

Substrate 1, as seen in Fig. 7. Again, no filament growth was observed

on the larger cones. No growth was observed on the Si substrate. Since

no other growth features were obtained on Si surfaces, these experiments

will not be discussed further in this report.

U|
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Ar/Progane Plasmas

The first experiments were carried out with 90.25% Ar/9.75% propane

plasma. Figure 8 illustrates the soot-like deposits found on all of the

gsubstrates.
A second set of experiments was carried out with 95% Ar/5% propane

gas. The results depended strikingly on the substrate. Only a low

density of cones (-4xO10 /m 2) was found for Substrate 1, with some

filaments. Some rounded cones were found for Substrate 2, but filaments

grew directly from the substrate, as illustrated in Fig. 9. Pointed

cones grew from Substrate 3, with filaments between them, as illustrated

in Fig. 10. This type of inhomogeneous growth was even more pronounced

with Substrate 3, where a few conical features were observed (separated

by tens of microns), with filaments growing directly from the surface in

the areas between the cones (-012 /m 2).

Ar/Methane Plasma

Runs carried out with methane in the plasma gas gave different

results from those with propane. The first experiments were carried out

with 10% methane. Pointed cones with long, curled filaments grew from

Substrate 1 (Fig. 11), while cones with larger cone angle grew with

similar filaments from Substrate 2 (Fig. 12). Substrate 3 again

supported less homogeneous growth (Fig. 13) in which a small number of

cones were separated by filaments growing from the substrate.

9When the methane concentration was dropped to 5%, the surface

features changed. Substrates 1 and 3 grew cones of low surface dcnsitv

(-4 and l0xlO 0/m2 respectively) without long filaments (Fig. 14),

whereas Substrate 2 showed a higher density (-4xlO1 /m ) with many

I
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filaments (Fig. 15). There is the suggestion in this photograph that

several cones grow together to form larger cones.

Discussion of Results

The results obtained in the present study are important because

they indicate that the growth of filaments and cones from ion-

bombardment of carbon surfaces is more complex than thought previously.

The major results of the experiments can be summarized as:

1. The substrate is an important factor in the formation of surface

features. Previous workers had shown that growth could not occur on

diamond or glassy carbon (3), but the above results indicate that

their shape and density are dependent on the type of graphitic

carbon.

2. Hydrogen introduced into the plasma does not inhibit the growth of

cones, producing straight filaments, nor does it effectively poison

sites. Rather, the results show that the surface density of cones

is increased, and the filaments are crooked.

3. The present results show that filaments can be grown from

Ar/hydrocarbon plasmas, and that the growth depends on the

hydrocarbon type and fraction. If the hydrocarbon fraction is too S.

7great, then sooty deposits form.

4. Filaments were observed to grow directly from the substrate without

a supporting cone. However, these filaments were not straight.

5. The original experiment of Cuomo and Harper (1) could not be

reproduced by us. It is evident that the present experimenital
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conditions differed from those in the original experiment, but we

are unable to identify the relevant factors at the present time.

6. The original contract to Colorado State University and IBM was based

on the observation of Cuomo and Harper (1) that sub-micron filaments

of uniform diameter and high length-to-diameter ratios could be

grown, with application to electromagnetic obscuration. However,

none of the filaments that have been grown in our laboratory from

ion-bombardment with either ion-guns or from plasmas have fulfilled

these criteria. (Such filaments have been grown by us using

chemical-vapor-deposition techniques.)

It is hard to reconcile the present results with the current model

for the growth processes (4,5). This supposes that the ion beam

initially smooths the surface, exposing nucleation sites (possibly screw

dislocations). If the density of these sites is sufficiently low, and

the ion beam density sufficiently high, then mobile atoms on the

substrate surface become attached to these sites, supersaturate, and

form growth features. (These surface atoms have much higher diffusion

rates than normal due to the ion bombardment.) These features continue

to grow through the continued attachment of mobile atoms on the surface,

and by redepositio.: of sputtered atoms. In order to explain the

increased density of growth features with increased temperature, it was

postulated that sites are poisoned by a contaminant, probably H2 and

enhanced reactivity at higher temperature (methanation-type reactions)

resulting in higher densities of active sites.

, Some of the above principles appear to be contradicted by, the

present experiments:

% . . . . . gorW-
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1. The introduction of H2 onto the plasma did not reduce the density

of growth features but increased it. It is possible that atomic

hydrog4n above a critical concentration in the plasma assists the

cleansing of the surface, thereby exposing further nucleation

sites.

2. The shapes of the growth features were dependent on the substrate

and the plasma. For instance, sharp and rounded cones were %
%

observed on different substrates, all other preparation parameters

being the same.

3. The present results also suggest that filaments can grow directly

from the substrate without a supporting cone. It is noted that

this suggests that the electric field between the plasma and the

substrate is not important in filament formation, since the field

would be much higher at the tips of conical features than at the

surface. Unfortunately, the present experiments do not give clues

as to the conditions necessary for this phenomenon to occur. If

this condition cnuld be obtained, and straight filaments of uniform

diameter grown, then the plasma method would be a useful technique

for growing filaments for obscuration applications.

The above problems have not been resolved in terms of models. It

is possible that computer simulations of the growth, which are about to

be undertaken as part of the present program, will help to solve them.
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Table 1. Experimental conditions for preparation of filaments using DC
* glow discharges.

Run Plasma Gas Plasma Condition

1 Ar

2 Ar/10% H2 Voltage - 300-400 V

3 Ar/5% H2Curn-4A

4 Ar/9.25% propane Time - 3-4 hours

5 Ar/5% propane Gas Pressure -3.8 Mm

6 Ar/10% methane

7 Ar/5% methane

LI 11111(1111 1i) 1111111(111111C) 11 II& AI
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Table 2. Substrates used.

Substrate Material Type Manufacturer

I Graphite Poco IF-5Q Poco Inc.

2 Graphite Poco ZXF-5Q Poco Inc.

3 Graphite Pyrolytic carbon Pfizer
S

4 Si Single crystal Monsanto
[(100) surface]
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Figure Captions

Fig. 1. SEM photographs of structure grown on Substrate 1 with pure Ar

plasma: (a) ll,000x, (b) 45,000x magnification.

Fig. 2. SEM photograph of growth features on Substrate 3 with pure
argon plasma (9,100x).

Fig. 3. SEM photograph of growth features on Substrate 1 from
95% Ar/5% H2 plasma: (a) 5,000x, (b) 20,000x.

Fig. 4. SEM photograph of growth features on Substrate 2 from
95% Ar/5% H2 plasma at magnification of 20,000x, showing
rounded cone tip and submicron diameter filaments.

Fig. 5. SEM photograph of growth features on Substrate 3 from
95% Ar/5% H2 plasma: (a) 1,300x, (b) 10,000x view of the
transition region from (a).

Fig. 6. SEM photograph of the large growth feature on Si from
95% Ar/5% H2 plasma at 2,500x.

Fig. 7. SEM photograph of the growth features from Substrate 3 using S
90% Ar/5% H plasma at 1,100x. The features only grow along
the edges o the cracks.

Fig. S. SEM photograph of the soot-like features grown from
90.25% Ar/9.25% propane plasmas at 710x. Similar deposits
were found on all substrates. S

Fig. 9. SEM photograph of filaments growing from the surface of
Substrate 1 from 95% Ar/5% propane plasma at 36,600x.

Fig. 10. SEM photograph of sharp cones and filaments growing from
Substrate 2, 95% Ar/5% propane plasma, at 4,700x.

Fig. 11. SEM photograph of sharp cones and filaments growing from
Substrate 1, 90% Ar/l0% methane plasma, at 5,000x.

Fig. 12. SEM photograph of squat cones and curly filaments growing from
Substrate 2, 90% Ar/10% methane plasma, at 10,000x.

Fig. 13. SEM photographs of cones and filaments growing from
Substrate 3, 90% Ar/10% methane plasma, at (a) 5,000x,
(b) 20,O00x, of filaments growing from surface.

Fig. 14. SEM photograph of sharp cones growing from Substrate 3 from
95% Ar/5% methane plasma, at 1,000x.

Fig. 15. SEM photograph of cones and filaments growing from
Substrate 2, 95% Ar/5% methane plasma, at l0,000x.
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_ Fig. 1. SEM photographs of structure grown on Substrate 1 with pure Ar

plasma: (a) 11,000x, (b) 45,000x magnification.
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F4- 4. SEM photograph of growth features on Substrate 2 from

95% Ar/5% H 2 plasma at magnification of 20,000x, showing

rounded cone tip and submicron diameter filaments.
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Fig. 5. SEM photograph of growth features on Substrate 3 from

95% Ar/5% H I2 plasma: (a) 1,300x, (b) 10,000x view of the

transition region from (a).
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'Fig. 8. SEM photograph of the soot-like features grow..n from
90.25% Ar/9.25% propane plasmas at 710x. Similar deposits
were found on all substrates.
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Fig. 9. SEM photograph of filaments growing from the surface of
Substrate 1 from 95% Ar/5% propane plasma at 36,600x. 4
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Fig. 10. SEM photograph of sharp cones and filaments growing from
Substrate 2, 95% Ar/5% propane plasma, at 4,700x.

%Ito

Fig. 11. SEX photograph of sharp cones and filaments growing from
Substrate 1, 90% Ar/l0% methane plasma, at 5,000x.
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Fig. 12. SEM photograph of squat cones and curly filaments growing from

'' Substrate 2, 90% Ar/10% methane plasma, at 10,000x.
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Fig. 14. SEM photograph of sharp cones growing from Substrate 3 from
95% Ar/5% methane plasma, at 1,000x.
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Fig. 15. SEM photograph of cones and filaments growing from ..r
Substrate 2, 95% Ar/5% methane plasma, at 10,000x.
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Abstract

A program of study is underway to obtain structural information on

CCVD carbon filaments. Experimental methods include scanning electron

microscopy, energy-dispersive x-ray spectrometry, high-resolution

transmission electron microscopy, electron diffraction in both selected-

area and convergent-beam modes, and lattice-fringe imaging. This

preliminary report discusses techniques and some results on filaments

grown at 700 and 850'C.
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Introduction

A number of different morphologies of carbon fibers have been

described in the literature (e.g., Baird et al., 1971, Endo et al.,

1977, Boellaard et al., 1985), and several different mechanisms of

growth have been proposed. It is clear that structure is strongly

controlled by growth conditions including catalyst particle, substrate,

temperature, gas composition, flow rate, etc. A discussion and some

results were given in the previous AFOSR Report (Spain, 1986). It is of

interest to determine the relationship between structure of the carbon

fibers and their growth conditions. It was decided to study the

structure of the fibers in finer detail than can be seen in the scanning

electron microscope (SEM) to compare different fibers grown under

different, known, growth conditions.

The present report is of work in progress. One of the objectives

was to train a graduate student (Kit Baughman) in techniques of

transmission electron microscopy (TEM) and electron diffraction. This

report outlines the steps we have taken to meet these objectives, the

types of equipment and techniques employed, and some preliminary

results.

Experimental Techniques

Structural characterization undertaken using both scanning and

transmission electron microscopy. The SEM used was a Philips 505.

fitted with secondary and backscattered electron detectors and a Kevex

Quantum (thin polymer window) solid state detector and Kevex 8000 4

multichannel analyzer for energy-dispersive x-ray spectrometry (EDS).

:IPA%
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Substrates upon which fibers were grown were generally mounted on

aluminum stubs and sputter-coated with gold for optimum imaging

resolution. Most of the photomicrographs were taken using accelerating

voltages of 25 kV and filament current of 0.03 mA. SEM was used

primarily to determine the size characteristics of fibers after specific

growth experiments, and results are described by Schmitt et al. in

Section 11.2 of this report.

The TEM used was a Philips 400T fitted with a scanning transmission

(STEM) attachment and an EDAX solid state detector and Kevex 8000

multichannel analyzer for EDS. Most of the studies were undertaken with

a 100 kV accelerating voltage. Images were recorded using low- and

high-magnification modes, and high-resolution TEM (HRTEM) was performed

to obtain structural information by lattice-fringe imaging. Electron

diffraction patterns were obtained both in selected-area (SAED) and

convergent-beam (CBED) modes. Selected-area diffraction employs

parallel illumination and an aperture to eliminate diffracted electrons

from outside the area of interest and can typically yield diffraction

information from areas of 1 micron or more in diameter. In the CBED

mode, a focussed probe was used together with a small condenser aperture

to increase the resolution of the diffraction spots. A probe diameter

of about 70 nm allowed diffraction patterns to be obtained from areas

less than 100 nm across. Dark-field imaging uses one or more diffracted

beams to form the image and was used to determine the region of the

sample contributing to a particular diffraction pattern.

Filaments studied in transmission were prepared as follows:

Material grown under known conditions was scraped off the substrate into

absolute ethanol and put in an ultrasonic bath for several seconds to

bpi
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several minutes. A drop of the suspension was then evaporated on a

holey carbon support film on a 3-mm-diameter grid for TEM investigation.

Five different samples were studied by TEM, and descriptions of each of

these samples are given in the following section.

Experimental Results and Discussion

Standards

A number of standards were studied first to allow training of a

graduate student (Kit Baughman) who will continue to work in this area.

Polycrystalline aluminum and gold and single crystal graphite were among

the materials studied to allow the microscopist to gain familiarity with

TEM operation, diffraction techniques, and interpretation.

Fibers on Silicon Substrates

Material grown on silicon substrates at 700 and 860'C (Bowers .

et al., 1988) were examined by TEM. Much of the material on the

substrate after the runs was flocculent material (Fig. 1) that showed

diffraction patterns consistent with silicon carbide. Although EDS

analysis has not yet been performed on the fibers grown on the silicon

substrate, diffraction patterns from the fibers resemble turbostratic

carbon and not crystalline silicon carbide. Further investigation of

these fibers using EDS analysis and x-ray and electron diffraction is

currently underway.

"0
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Fibers on Graphite Substrates: Sample RK #1

Typical distribution of size and morphology of CCVD filaments in

this sample are shown in Fig. 2. These were grown previously (Spain, 0

1986, p. 41) at 850°C on a graphite substrate using a Technical grade

acetylene and hydrogen 1:7 mixture for 20 minutes (total flow -

80 cc/min). The presence of acetone impurities in the acetylene may S

have had an effect on the growth.

In addition to relatively straight, feathery-structured filaments,

there are a number of filaments that exhibit helical morphologies. They S

appear to have a uniform width of approximately 0.2 microns, but some of

the fibers are helical along parts of their length and straight along

other parts (Fig. 3). It has been surmised that twisting can occur as a 0

result of a tilted, solid, catalyst particle (see Baker and Harris,

1978, for a review). Diffraction patterns showed these fibers to be

turbostratic but with no preferred orientation. S

The feathery-structured fibers in this sample are composed of

turbostratic carbon showing strong preferred orientation. Figure 4

shows typical fibers of this type together with microdiffraction

patterns (CBED) of either side of the fiber. Analyses of diffraction

patterns indicate that graphitic c-axes are oriented more or less

parallel to the "branches." These results are consistent with S

observations of Boellaard et al. (1985). Many of the fibers show I
v-shaped fractured ends, also observed by Boellaard et al. and

interpreted to be (002) cleavage surfaces. Separation of the "branches"

is also evident in many of the fibers, particularly at the edges. The

fibers also commonly show a core of less dense material, or possibly a

hollow core. No catalyst particles were observed in these fibers.

UL
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Boellaard et al. (1985) proposed a model for growth of these

feathery type of fibers whereby carbon is excreted at the interface

between the fiber and a solid, conical-shaped catalyst particle so that

conical graphitic layers are parallel to this interface. Since the

growth direction is oblique to the graphite planes, edge dislocations

are introduced. Therefore, these areas of well-ordered graphitic carbon

may be separated by areas in which there is local structural disorder.

The separation of the branches at the edges of the fibers may result

from structural weakness in these disordered zones. •

Graphite Substrate: Sample #Al

This sample (see Section II.1 of this report) was prepared by

passing a 50:1 hydrogen/acetylene mixture at 600'C over a AXF-5Q

graphite substrate. SEM did not reveal any fiber growth, so TEM was

used to determi- i.re presence of fibers. Very short fibers were 0

observed in flocculent material on the substrate.

Silica Substrate: Sample #4

IThis sample was prepared (see Section II.1 of this report) by

passing a 10:1 hydrogen/acetylene mixture over powdered silica with Ni

catalyst at 850°C. No fibers were observed in the TEM, and only

flocculent material was present.

Graphite Substrate: Sample #3-1

Fibers were grown on AXF-5Q graphite substrate using Ni as a

catalyst (see Section II.1 of this report) by passing a 10:1N

hydrogen/acetylene mixture over the substrate at 850'C. Very thin and

N ._ .%*
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long fibers are present in this sample (Fig. 5), along with graphitic

non-fibrous carbon. The fibers are typically about 25-35 nm wide and

appear to have hollow cores 20-30 nm in diameter. The outer parts of 0

the fibers are seen in Fig. 5 to have variable contrast resulting from a

range of orientations, the darker parts being in a strong diffraction N

condition. This suggests that the fibers have crystalline edges with 0

strong preferred orientation. Due to the reduced thickness of these

fibers, HRTEM was possible. GraDhitic fringes (0.34 run) are shown in

Fig. 6 to be parallel to the length of the fiber. Some of the graphite 0

layers can also be seen peeling away from the wall of the fiber toward '

the center. These fibers are similar to those described by Baird et al.

(1971). No catalyst particles were seen in this sample, although 0

further work is currently in progress.
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Figure Captions

Fig. 1. TEM image of flocculent material on silicon substrate. Scale

bare - 5000 A.

Fig. 2. TEM image showing the range of fiber morphologies grown on
graphite substrate. Scale bar - 2 microns.

Fig. 3. TEM image of a single straight carbon fiber 
with helical ends.

Scale bar - 5 microns.

Fig. 4. Feathery type of carbon fibers. (a) TEM image showing (002)
cleavage on fractured end (upper left) and branching structure
of fibers. A paler line running down the center of the fibers

suggests a hollow core. Scale bar - 5000 A. (b) Higher
magnification TEM image of fiber in (a). Microdiffraction
pattern from upper left of the fiber is shown in the upper left

corner, microdiffraction from the lower, right side of the

fiber is shown in the lower right. Scale bar - 1000 A.

Fig. 5. Thin carbon filaments on graphite substrate together with non-
fibrous graphitic carbon. Scale bar - 1000 A.

q 6. HPTPM impzi5 of carbon filament showing 3.4 A fringes on the

edges of the fiber. Scale bar - 100 A.
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. Fig. 1. TEM image of flocculent material on silicon substrate. Scale
bar -5000 A.
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I

Fig. 3. TEM image of a single straight carbon fiber with helical ends.

Scale bar - 5 microns.

Ixa



Tq

162

P4.

.

P

PFV

Fig. 4. Feathery type of carbon fibers. (a) TEM image showing (002) '

cleavage on fractured end (upper left) and branching structure :

of fibers. A paler line running down the center of the fibers "
sugssa hollow core. Scale bar -5000 A. (b) Higher
magnification sugssTEN image of fiber in (a). Microdiffraction .

pattern from upper left of the fiber is shown in the upper left
Scorner, microdiffraction from the lower, right side of the

fiber is shown in the lower right, Scale bar 1 000 -
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Fig. 6. HRTE-M image of carbon filament showing 3.4 Afringes on the,;
. edges of the fiber. Scale bar -100 A.
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Abstract

The piezo-resistance coefficient of several ex-PAN and ex-pitch

%rn carbon fibers has been obtained at room temperature. The coefficient is

positive for poorly graphitized fibers with low values of Young's

modulus, and falls to increasingly negative values as the graphitization

index and Young's modulus increases. A model which qualitatively

explains the observed trends is presented, based on geometrical and

electronic contributions to the coefficient. Structural and mechanical -

data are also presented, allowing the parameters of interest to the

above model to be evaluated.
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Introduction

The electrical resistance of carbon fibers was considered by us in

a previous paper (1). The present paper considers the piezo-resistance

(PR), which is defined as the change of the resistance which occurs when

the fiber is strained longitudinally. The piezo-electric coefficient

(PRC) is then the relative change of the resistance per unit

longitudinal strain. This coefficient depends on the fiber's structural

and elastic properties, so that this paper will also consider these data
0

and their interrelationships.

Consideration was given in ref. 1 to fibers prepared by the heat-

treatment of polyacrylonitrile (ex-PAN fibers). This type of carbon

fiber accounts for most of the present commercial production. Several

other types of carbon fibers are reviewed in ref. 2. Among them are

those prepared from a liquid-crystal state (mesophase) of pitch

fractions, called ex-mesophase pitch fibers. The present paper will

also consider the PR properties of these fibers.

Early work on the PR of ex-PAN fibers (3-6) indicated a complex

behavior. Firstly, the changes in resistance occurring at strains less

than about 0.1% were erratic, indicating that irreversible changes in

contacts between carbon ribbons were occurring. (This is similar to

behavior found in the c-axis resistance of highly-oriented pyrolytic

graphite when subjected to hydrostatic pressure (7)). Most of the

fibers showed an approximately linear change of resistance above 0.1%

strain. More recent data obtained on ex-mesophase pitch fibers (S)

showed that the PR was reversible and reproducible until strains

approaching the breaking strain were approached. This was attributed to

%
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the formation of microcracks just prior to failure. Only the

reproducible effect between these strain limits will be considered in

this paper.

One possible cause of the piezo-resistance is that the dimensions

of the fibers change as a function of applied stress. This effect would

contribute a positive term to the PR, and the experimental results show

that the PR coefficient only tends to be positive for low-modulus

fibers, and is negative for those with high modulus. This is the case

for ex-PAN, ex-mesophase pitch and catalytic-chemical-vapor-deposited 0

fibers (9). Other explanations for the change in the resistance can be ,

related to inter-particle contacts (6), changes of the orientation of

fibers under stress (10), or electronic effects (11).

In order to separate these effects it is necessary to consider the

structure of the fibers, the relationship of the structure to the

elastic behavior, and then calculate the PR using models. This is

basically the approach adopted in this paper. X-ray data will be %S

presented first, allowing the orientation distribution function and the

degree of graphitization of the carbon ribbons to be determined. Then, .

data on the Young's modulus, Ey, of the fibers are presented, and fitted

with the uniform-stress model. Finally, the PR data are presented and

compared to models using these structural and mechanical data.

Preliminary Discussion of Fibers Tested

As mentioned above, two types of fiber were examined in this .,ork. -
Firstly, ex-PAN fibers were selected with a wide range of E values

y

described in Table 1. The moduli are main~v controlled by increaising

%



J168

the temperature of heat-treatment (THT) from about 1300°C

- 230 GPa), to >3000'C (E - 690 GPa). Table 1 also includes values

of the moduli which are somewhat higher than values usually quoted,

since they are corrected for the porosity of the fibers as well as the

compliance of the testing equipment. These data are discussed in

Section III. It is important to note that other factors than THT are

important in determining the structure and the mechanical properties,

such as the orientation, microstructure, and chemical composition of the

k6 PAN fiber before carbonization and subsequent heat-treatment. For this

reason, it is not possible to specify a fiber from its precursor type

and T This causes much confusion in the literature, since the
NT'

properties of fibers prepared by even the same manufacturer can change

over a period of years as small improvements are made to processing

procedures.

The structural parameter that controls E is the alignment of the

ribbons. The aromatic macromolecules in ex-pitch fibers align during

the formation of the mesophase and extrusion processes more readily than

the polymer chains in ex-PAN fibers. This alignment increases in both

fiber types with T HT so that E increases, although ex-mesophase pitch

fibers typically have higher elastic moduli than ex-PAN fibers which

__ have seen the same THT.

.The structure of both types of fibers is now understood reasonably

well, and is reviewed in refs. 12 and 13 (ex-PAN) and 14 (ex-pitch).

Ribbons of carbon atoms in hexagonal form, called graphene planes, are

roughly aligned with the fiber axis. These ribbons are more extensive

along the fiber axis, but less so perpendicular to it. For example,

hgsteghex-PAN fibers (TH 1300'C) have ribbons atleast sevcral

high strength -Ps(TT IHT=10CC aerbbn tlas CE1
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pm long and tenths of pm wide. These dimensions tend to increase with

T The ribbons undulate slightly along their lengths and more so
HT'

perpendicular to the axis (see refs. 15 and 16 for models). X-ray P

diffraction experiments can be interpreted to give "crystallite

dimensions" which are considerably less than those obtained from

electron microscope studies (lattice fringe images), and are interpreted 0

as giving information about the lengths of relativel straight portions

of the ribbons. However, the stacking height of the ribbons obtained

from x-ray studies, called LC, gives values in agreement with those from

electron microscope studies. Typical values are in the range of

20-200 A as THT increases from I000-3000°C.

The manner in which the ribbons are arranged across the fiber

section varies considerably from one fiber type to another. Ex-PAIN

fibers are characteristically disordered in this section, whereas ex-

mesophase pitch fibers often have a radial or onion-skin

arrangement (17). This distribution can be modified by stirring the

pitch blend prior to extrusion (18), but such fibers will not be

considered here. The manner in which the graphene planes are stacked in

all of these fibers is consistent with a lack of complete c-axis

stacking correlation (19). Complete lack of correlation is termed

turbostratic packing. The correlation increases with THT more readily

N in ex-mesophase pitch fibers than ex-PAN fibers, but a completely

graphitic stacking sequence (perfect ABAB. stacking) is not achieved in

S ex-mesophase pitch fibers even though THT is as high as 3500'C (17)..p

0% Partially turbostratic layer stacking can be characterized from thc

average separation of the planes, obtained from the d002 spacing, taking

A7
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values from 3.354 A for graphite to 3.44 A for turbostratic carbon (for

a review see Ref. 20).

These ribbons enclose a complicated network of elongated pores. S

Information about pore sizes can be obtained from low-angle x-ray

scattering (21,22), and are similar for ex-PAN and mesophase pitch

fibers with similar THT values (23). The pores are elongated along the

fiber axis, with much greater lengths than widths (typical ratios

are 10), while the sections are also non-circular, as expected for pores

which are bounded by flat graphene planes (23). Although the pore size 0

increases with T HT the density, which is well below the value for

graphite, increases. The density of ex-mesophase pitch fibers is
generally higher than that for ex-PAN with the same THT.

Although the structure is understood reasonably well, it is

emphasized that there are differences between different fibers produced

by different manufacturers, and even by the same manufacturer, as noted

above. It is for this reason that all data used in modeling fiber

properties in the present paper have been obtained experimentally.

Structural Analysis of Carbon Fibers

Experimental Techniques and Results

The structure of several ex-PAN and ex-mesophase pitch fibers were

studied using x-ray diffraction and low-angle scattering methods. The

fibers were mounted in thin glass capillaries, and rotated in the

incident beam about an axis at right angles to it. Diffraction data

were obtained using flat photographic plates, and intensity data then

read using a Joyce-Lobel microdensitometer. These profiles were

%
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transmitted to a computer and analyzed to give information about the

alignment of c-axes, the c-axis stacking height, LC , and the degree of

pgraphitization, as described below.
Typical experimental diffraction data for ex-PAN fibers with

Young's moduli of approximately 30, 50, 70, and 100 Msi respectively

(approximately 200, 350, 500 and 700 GPa) are shown in Fig. 1, and for

ex-pitch fibers with Young;s moduli of 50, 70, and 100 Msi (350, 500 and

700 GPa) in Fig. 2. The photographs are exposed to high density in

order to reveal the higher-order diffractions. The data for the ex-PAN

fibers are typical of heat-treated carbons which do not completely

graphitize, while the ex-pitch fibers tend to graphitize somewhat more

readily, but not completely, even for values of TNT as high as

3500°C (17).

Graphitization

Several of the features seen in the diffraction photographs are due

,2% to the poor interlayer correlations. Considering a short length of the

fiber in the beam (Fig. 3), all orientations of the c-axes are present

within the perpendicular plane. In addition all possible orientations 0

of the a-axes are present, due to the presence of defects in the

graphene planes. If the fibers were graphitic (i.e., with well-

developed interplanar correlations) these reflections would be spread

into rings, with intensity falling from the equator to zero at the poles

(Fig. 3b). If the fiber were turbostratic (no interlayer correlations)

the (hkl) reciprocal lattice spots would be replaced by rods parallel to
the (001) axis. One such rod would pass through the (110) and (112-

reciprocal lattice points, so that these reflections could not b.

Z4N
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resolved. These rods would form cylinders as a result of the a-axis

disorder, and these cylinders would be rotated about the (00) axis,

since all c-axis orientations about the fiber axis are present. Thus, S

(hkl) reflections are smeared out, with asymmetric line shapes (Fig. 3d)

and an increasing degree of turbostratic disorder can be monitored by

the disappearance of (hkl) reflections, which cannot be resolved for S

turbostratic carbon.

The most basic information about the degree of graphitization can

be derived from the increase of the interlayer separation, obtained from 0

the (002) reflection. Fig. 4 summarizes the data of interlayer

separations obtained here, and compares them with previous work. These

data suggest that ex-pitch fibers graphitize more readily than ex-PAN, •

as noted by many previous studies (see 2).

This trend is also supported by traces of the (110) and (112)

reflections along the equatorial plane, which are illustrated in Fig. 5.

The diffraction profile of a completely turbostratic fiber would be

similar to that shown in Fig. 5 for the ex-PAN fiber with Ey - 120 GPa.

Note, however, that these reflections are resolved in the 690 GPa fiber,

although the graphitization process is not complete, since the intensity

of the (112) reflection should be higher than that of the (110).

Similar curves were obtained for the ex-pitch fibers.

Measurement of the widths of higher order (002) reflections of

pyrolytic carbons (25) suggest that they are broadened by liquid-likE

disorder (i.e., disorder of the second kind, or paracrystalline

disorder) as well as from effects due to crystallite size, (se.

below). This type of behavior is also seen in the (002) linewidths of

fibers. Fig. 6 summarizes the equatorial linewidths of (002) and (004 )

% A

t%.
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reflections of the four types of ex-PAN fibers plotted against AK, where

AK is the magnitude of the wavevector difference between scattered and

incident x-rays (Kd - K). It can be seen that the liquid-like

disorder, as monitored by the slopes of these curves (24), increases as

E increases (19).

These structural results are consistent with a model in which the

interlayer correlation function approaches that of perfect graphite

gradually and homogeneously through the entire fiber. The data are not

consistent with a model in which regions attain perfect crystallinity,

and that the volume fraction of these crystallites then increases as THT

increases. (The present data cannot rule out the possibility that some A

small regions are graphitic, as discussed in Refs. 26 and 27 to account

for the fracture of fibers. We are unable at the present time to put a

figure on the maximum possible volume fraction of such regions which

would remain consistent with the present data.) This feature of

gradual, homogeneous approach to the graphitic state is suggested by the

model of Ruland (28) in which the interlayer correlations are expressed

by an order parameter, a12, which represents the mean-squared

fluctuation in the registry of adjacent layer planes. It migh, oe

expected that the intensity of the (112) reflection would be -w

proportional to a12, but the present data are not sufficient to test

this.

Aliznment of Ribbons

It is noted that the (ON) reflections are not affected b',

turbostratic disorder, but are broadened by lattice disorder, and

smeared into arcs by the angular distribution of the c-axes about the

'Ile
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perpendicular planes (Fig. 3c). A distribution function P(4) expresses

the probability that the c-axis of a local region occurs at an angle

to the perpendicular to the fiber axis. Thus, 0 is the angle that the

graphene plane makes with the fiber axis (Fig. 7). This distribution IN.

function is one of the parameters of interest to the present Y,

q measurements, and is measured by scanning the (001) diffraction profiles

N-N

in the meridions. Experimental data for (002) profiles, which are

normalized to constant integral intensity, are shown in Fig. 8. It is

also noted that the d-spacings decrease with increasing THT, as noted 0

above.

It is usual to analyze this distribution for carbons using a

function of the form (27) 0

m
P(4) - Constant cos [I] .

where m is a constant. However, this distribution is characterized by

the equality of the full width at half maximum (FWHM) and the full width

at half integral intensity (FWHII), whereas the experimental results did S

not support this (Table 1). A better fit was obtained using a Gaussian

expression, for which FWHM - 1.74 FWHII. (It is noted that Ruland used

a similar expression of the form of a Poisson kernel (28).

The expression FWHM - 2<0> is often used to give an estimate of the

mean c-axis misorientation <0>. A trend of decreasing <0> with

increased THT has been observed for ex-PAN fibers over a more limri.ted

range of E values (29), and for ex-pitch fibers (17). These and the
y

r.5,

Ir%
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present data are compared in Fig. 9. It will be seen in Section IV that

it is this parameter that controls the increase of E with T
Y HT'

Ribbon Stacking Height

(001) reflection profiles in the equatorial plane were analyzed to

give the stacking height of the graphene planes, LC, using the Scherrer

formula

L C B0 02 (20) cosO [2]

where B0 0 2 (20) is the full width at half integral intensity (FWHII) of

the (002) reflection, with Bragg angle 0, and A is the incident x-ray

wavelength.

Figure 10 summarizes the variation of L with T for the present
C HT

work, compared with other data. These data illustrate the point made

earlier that properties of ex-PAN fibers, for instance, can vary from

one manufacturer to another. Note that the L values of Johnson (30)

are somewhat lower than the present, probably due to differences in

precursor polymer and other details of the preparations.

Mechanical Properties

5' The extensional moduli, Ey, of the fibers were measured using

standard techniques. Values obtained are given in Table 1. Thesc

values are somewhat higher than those normally quoted, for similar

fibers, since the compliance of the tesLing fixture was corrected for.

Also, these values were corrected for the porosity of the fibers US1*Tr.I

%%
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p-measured values of the density, also recorded in Table 1. In these

corrections it was assumed that the ideal density of the fiber could be

obtained from the x-ray values of the interlayer spacing, assuming

perfect graphene planes.

There are two basic problems that have to be solved in modeling the

elastic behavior of fibers. The first is to relate the elasticF

constants of the ribbons to those of the fiber using structural models.

The second is obtaining reasonable values of the elastic parameters of

the ribbons. Neither of these problems has been solved completely.

Two different models have been proposed to explain the dependence

of Ey on the mean misorientation angle <0>. Ruland (27) proposed an

"elastic unwrinkling" model, in which the long, undulating ribbons of

the fiber straighten with applied stress. Contiguous ribbons exert a

stress on each other, which resists this straightening. Ey was written

as

1y - IzS + mzk [3]

1Z  fI(O) sin OdO/fI(O) sinOdO [ b]

2m- fI(O) cos OdO/fI((> cos~dO 3c,

where 0 - 900 ' , and 1(0) is the x-ray distribution function. The

elastic c)mpliance parameter, k , was not defined in terms of reas'Ar,-ie7." e

parameters, but was empirically found to be api:oxiin:ately independ :,. ,f

- %
., ).
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fiber type (28). Although this model is physically appealing due to its

simplicity, it will not be considered further, since k is not defined.
e

Another approach is to use uniform stress (Ruess) or uniform

strain (Voigt) averages over the crystallites of the fiber. Expressions

for these cases were obtained by Price (31) and Goggin and Reynolds (32)

for graphite. These are upper and lower boundb for the elastic energy

of the system, respectively, and would be expected to differ appreciably

for an anisotropic system such as graphite. It would be anticipated,

however, that the uniform stress model would be more appropriate to a

fiber than uniform strain, since the ribbons are nearly aligned along

the fiber axis, and extend considerable distance. This model has been

found to account well for the measured values of Ey (27), and to explain

the considerable stiffening that occurs in this parameter with applied

stress (10). This model will be used to analyze the present data.

In principle, a simple model should also allow the torsional

modulus of the fiber to be fitted. However, this parameter is very

sensitive to the manner in which the ribbons are packed together across

the fiber section. This can be understood simply by considering the 0

torsional modulus of strips of metal, One value would be obtained if

the strips were held loosely parallel, another if they were brazed

together, yet another if they were brazed to form a square section, etc. .

Many different arrangements of the ribbons can occur, as discussed

briefly in Section II. In addition, the curvature, or wrinkling of the

ribbons across the section can stiffen the torsional modulus
4'!

considerably. As a result of the structure-sensitivity of this

parameter no measurable models have yet been developed.

.4
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The second problem is to chose a reasonable set of parameters to

express the elasticity of the crystallites. There are five independent

elastic stiffnesses needed to specify the elastic behavior of graphite,

Cll C12' C13, C33' C 44 and their corresponding compliances, Sij (see

ref. 32 for a review). Currently accepted v-alues of th- -'stic

parameters of single crystal graphite are listed in Table 2. In

graphite fibers one would expect the following:

C11  and C12 (S and S 12) are not expected to depend strongly on

structural details such as the degree of interplanar correlation. A

decrease of about 10% might be anticipated as a result of vacancies and

vacancy loops in the graphene planes. %

C13  (S1 3) is expected to be sensitive to defects, but it would be

difficult to ascertain the trend. This parameter is not known with

precision, and it is fortunate that Ey is not sensitive to it. %

C3 3 (S33) is expected to be sensitive to c-axis stacking order,

since it is a measure of the strength of the interplanar bonds. It is

probable that a scaling relationship can be established with the

interplanar separation, c. A fiber with c - 0.340 A was found to have a

value of C which was 15% below that of single crystal graphite (35).
33

Even smaller values might be anticipated for fully turbostratic fibers -

with -c - 0.344 A (higher values of c can occur due to the presence of

interstitials).

C4 4 (S44) is known to be extremely sensitive to the density of

basal dislocation pins (36), and should therefore be sensitive to

defects in fibers. Other factors affecting this parameter will be the .

value of c, and the curvature of the graphene plnes (in such a case it -"

is inappropriate to use elastic constants for a hexagonal svsterh I-

P'PI

r o p
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will be seen that the value of S is important in determining the value
44

of Ey.

The Uniform Stress Model

The elastic parameters of the fiber are calculated by considering

the relationship between stress and strain for a crystallite oriented at

an angle 0 to the fiber axis, then averaged over all crystallites using

a suitable average. In the case of uniform stress, every crystailite is

subjected to the applied stress, and the strain is then averaged using

the crystallite orientation function derived from the x-ray diffraction

measurements. It is instructive to rederive the expression for Ey using

a different method to those in Refs. 31 and 32, and to derive other

quantities of interest for the first time.

For simplicity, we will define the primed coordinates pertaining to

the whole fiber as follows:

* * the 2' axis is parallel to the fiber axis;

* the 3' axis is perpendicular to the fiber surface;

* the l' axis is in the basal plane of the crystallite and is

identical to the 1 axis.

The unprimed coordinates are defined in terms of the crystalline axes as

follows:

.the 1 and 2 axes are in the basal plane of the crystallite;

* the 3 axis is parallel to the c axis of the crystallite.

. The relationship between the stresses and strains is found by rotating

the stress and strain tensors through an angle 4 about the 1 qxis; i.e.

i ' ' i~j i i j

%
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where

1l 0 01V
R(O) 0 cos 0 sin 0 [5]

LO-sin 0os J

(Note that the more geneial case of rotations to a completely arbitrary

orientation of a crystallite must be used for some problems--such as

understanding the effects of not having azimuthal symmetry in a fiber.)

Similarly for the stress tensor, we have the relation:

aTi'j = , R R (4)TjRjj,(-) [6] 0
Tj i'i Tijj

and thus it follows that . k

C S S lRl,1 (-O). [7]- ijklcTkl P ijklRkk'(O)cTk'lR
ki klk'I'

In tensile stress experiments, cT - 0 except for cT2'2' so that in this

case:

'IV,

ij- T2'2' kl Sijklk2)21(l ) [8]

Using this model, Young's modulus is given by: •

.IN

1/Ey - <2'2'>/aT2,2, - J<R 2 i ( O) i jR j
2 (-)> '

0
1< S R (-O)R (O) (ORA-~

<XijklSijkl 2i(  j2(  k2 12 '

0

-
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so that

Op

l/Ey - Sll+ (2S13 + S44 - 2Sll)<sin 2> 

+ (SII + S33 - 2S13  S4 4)<sin 4> [10]

We can also derive an expression for the change in cross sectional

area of a fiber under uniaxial tension (i.e., the Poisson ratio v)

2L change in area/area -

longitudinal strain 11' 3'3')/ 2'2' [11]

to obtain S

22. S + Sl3)<sin2
2 [S1 2 + S13 + ll + 3 3  44 12 13

4
+ (2S13 33 + S - S1 1)<sin 4>] [12]

1 3 4 1

The torsional modulus will depend on the details of the azimuthal D

distribution of crystallites as discussed above. When that distribution

is completely random, one obtains for the torsional modulus (32):

11l/G - (0.5S + SI - S1) + (S + 2S + 12S 1.5S )<sin O
44 11 12 11 33 13 44

4
- (2S11 + 2S3 3 - 4S13 -2S 44<sin . '13'

The above solutions (i.e., Eqs. 10 and 12) can be simplified for

the case of perfectly aligned crystallites (- 00), for which

U 61
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-1I

E, - S11  -1020 GPa

2L/ - E(S 12 + S13 .  [14] 0

91 1

The angular averages in Eqs. 10 and 12 are defined (31) simply in

terms of the measured crystallite orientation functions I(0) 0

<sin -
2 I(0) sin n 0 cos 0 do/ _/I(O)cos 0 do. [15]

The angular averages are sensitive to the tails of the distribution

functions. The tails are difficult to determine with precision from the

experimental data as discussed in Section III. Thus, analytic

expressions are used. Moreton and Reynolds (27) used Eq. 1, while a

Gaussian was found more appropriate by us. Also, the present data were

analyzed after correction for porosity. This is consistent with the

basis of the uniform stress model. Finally, Reynolds and Moreton

analyzed their data to give the exponent m in Eq. 1, which they then

compared with theory, whereas the present data were fitted to an

expression for the distribution function allowing S44 to be estimated.

Figure 11 exhibits several curves for the calculated values of E y

as a function of <0> in which S takes several values. Single-cry'stal
44

values of S S and S and the Gaussian form for P(4) were used.
11' 12' 33

The importance of both <0> and 544 can be seen clearly. Similar

calculations confirmed that the value of S was not important within
13WA

reasonable bou-ds (see below). These curves allowed the values of S.,

for each of the fibers tested to be evaluated, listed in Table 1.

0'2"

'-'""''2."", .i, .'-) ? "' ; ."''- :.-, ,".,



183

These data are displayed in Fig. 12, and compared to similar

calculations of Moreton and Reynolds (27) (including recent

modifications communicated by Dr. Reynolds), and values of S are a
44measure of their "stiffness." It is clear that the values of 1/S44  are

much stiffer than those of single crystal graphite. Two possible

reasons for this are (1) that covalent bonds are linking the planes

(this would be predominantly at ribbon edges and vacancy loops) and

(2) that the ribbons are undulating across their sections, as suggested

by magnetic susceptibility measurements (37) and structural

characterizations (12,13,14). The response of bent graphene layer

stacks to a shear deformation would be restricted compared to that of

planar stacks. This would also be consistent with the relatively higher

values of 1/S4 4 obtained for ex-PAN compared to ex-pitch fibers. %

It i noteworthy that the values of 1/$44 calculated here increase

with Ey, as noted in Fig. 12, whereas those of Ref. 27 decrease. The

different approaches used in calculating the values of E have been

noted above. These authors also used a different approach to calculate

l/S44' noting that according to Eq. 13, G - 2/S4 4. This approximation

was used in their paper, so that the two results cannot be compared

directly. On the supposition that the increase obtained in the present

calculations has a physical origin, it is possible that it arises from

the increase of the ribbon width with THT noted by others (see Ref. 2

for a review). If the ribbons so formed undulate across the section, it

IL is conceivable that the increased ribbon width can act to increase the

force needed to shear the planes. Models are needed to test this.

Figure 12 also records experimental data for C obtained on

ex-PIN (38) and ex-pitch (39,40) fibers. It would be anticipated that

V
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S44 would be the most important elastic compliance controlling this

parameter, as is the case for Eq. 13. It can be seen that the results

presented in Fig. 11 do not support this. This remains a problem that
%

needs to be solved. As discussed above, it may be necessary to obtain G

using computer models.

Poisson's ratio is important for determining the PRC. Equation 12

shows that v also depends on S13. Since S13 can be comparable to $44'

the uncertainty in this parameter can affect the computed value of

significantly. Calculations were carried out for the two extreme values

of S13 and $44 given in Table 2. The results are presented in Fig. 13.

The importance of S13 can be seen clearly in this plot. However, the

most important feature of the curves is the increase of v with Ey, which

is a consequence of the increased alignment of the fibers.

Another important parameter for the PRC is the ratio of the

interlayer contraction caused by the application of a tension along the

fiber axis, to the longitudinal strain. (This controls the electronic

contribution to the PRC discussed in the next section.) Figure 14 plots

this parameter v' as a function of the FWHM, illustrating that it is

sensitive to the values of S and S, and tends to decrease with
13 !44'

A increasing Ey.

Although v and v' can be obtained wl n the framework of the

uniform-stress model, it is emphasized hat the arrangement of themodel emhsiearngmn

ribbons across the fiber section is impor:,,IL in determining the local

elastic behavior. Accordingly, the abov'e results should only be

interpreted as giving a guide to trends.

'p.
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The Piezo-Electric Coefficient
"p

Piezo-electric effects were measured by passing current via the

U grips, applying longitudinal stress, and measuring the voltage with two

leads attached to the fiber with conducting epoxy (see ref. 1). Results

are shown in Figs. 15 and 16 for ex-PAN and ex-pitch fibers

respectively. The change in resistance of low modulus fibers is linear,

and positive. It will be shown below that the effect is probably

related to the elongation and areal contrac:tion (geometric effect).

Higher modulus fibers have resistance-strain curves which are non-

linear, with negative slopes which are higher at low strains. Since the

geometrical effect should increase with higher modulus, the negative

coefficient must arise from other effects. It is postulated that

electronic effects are responsible. The trend from negative to positive I

values of the PRC is also observed in catalytic-chemical-vapor-deposited

fibers (9), although much larger positive PRCs can be observed.

Figure 16 illustrates the experimental data plotted as the PRC (2) -<

versus E (Table 1).
YS

As discussed in the introduction, there are several possible

explanations which can be put forward to explain PR. However, the

geometric effect must be important in all of them. The change in

resistance can then be written as

d,

SR/R - 6L/L + 6A/A + 5p(O/p [16'
0 0 0 0

where L is the length, A the area, and p the resistivity. Using the

notation in III, this can be written:

W"_
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R 2'2' - L 2 P2 , + 6 pip [17]
0

Dividing by e2,2 ' gives the PR coefficient, Z: S

1 6R

R (1 - ) + 1 2 [18]
2'2' o 2'2' o

One possible reason for a negative PRC is that the ribbons straighten

with applied stress (10). The electrons follow the path of the ribbons,

so that this effect would reduce the resistance, since the electric

field component along the fibrils would be increased. Note that the

path length of the electrons would not be changed. However, the effect

would not be the same order of magnitude as the geometrical effect, and

it would be anticipated that it would be higher for low modulus fibers,

which is contrary to the observations.

The alignment of the ribbons with stress could also lead to a

decrease in resistance as a result of reduced electron scattering at

boundaries between ribbons and crystallites (6). For example, the

* applied stress would bring the ribbons closer together, and increase the S

stress between contiguous areas. However, it would be expected that

4,',

boundary scattering would be relatively more important in low-modulus

fibers, so that the trend would again be contrary to the experimental I

data.
k%

For these reasons, it was conjectured that changes in the electron

density, n, could be responsible for the reduced resistance (11). The

origin of this effect is the decrease in the diameter of the fiber and Ii
the interlayer spacing as the fiber is strained. This increases the

I
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n-electron overlap between the graphene planes, producing an increase in

the electron density, and a proportional increase in the conductivity.

The increase of n with c-axis strain is known for graphite from high •

pressure measurements (see Ref. 40 for a review). On the other hand, n

would not increase with c-axis strain for turbostratic carbon, since the

overlap of conduction and valence bands is zero (39), and the carrier S

density is controlled by the density of defects. As three dimensional 'a-

ordering increases, as outlined in Section II, the coefficient

6p/E 2 ,2,po should increase. This produces a trend from negative to

positive PRG as EYincreases.

6S/2,2 ,op would be expected to increase from zero to a value

appropriate for single crystal graphite. This latter value can be 0

estimated as follows: n is proportional to the product of the band

overlap integrals y1  and 72" Furthermore, the hydrostatic stress (P)

dependencies these quantities are related by aln-y2/P - 281nyl/8P, and S

have been evaluated as 0.19 and 0.38 GPa (see Ref. 40). Thus, the

strain-dependence of the carrier density can be evaluated from these

quantities and the c-axis elastic modulus (28.5 GPa (see Ref. 33)), •

giving

d In n "din 20 [19"

33

Thus, neglecting any changes in the mobility with strain,

1 - = 20v' 20'

o dE2'2'
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for a perfectly graphitic fiber at T - 0 K. The effects of finite

temperature and turbostractic layer order can be taken into account by

introducing a dimensionless parameter q, varying from 0 .(fully

turbostractic at any temperature) to 1 (graphite, T - 0 K)

I__ jo 20qv' [21]•

p dE 212 '

The vanishing of d ln/dc33  for turbostratic carbon follows from
.33.

theoretical work of McClure and Ruvalds (42) who showed that the •

conduction and valence bands do not overlap in this case (i.e.,

Yi,7Y2 ' 0). This equation does not include changes in electron mobility

b due to crystallite strain, which is justified for the present fibers, S

since defect-scattering controls the mobility. Additional terms would

be iecessary for vapor-grown filaments heat-treated to -3000'C.

The average compression of the graphene planes can be estimated S

using the uniform stress model, as outlined above, where v' is the ratio

of interlayer strain to applied strain. The values of the elastic

parameters and the average ribbon misorientation angle are obtained from S

the previous section. The parameter that cannot be estimated at the

present time is q. It would be affected by several factors other than

the overlap of the i-orbitals due to changes in interlayer correlations. S

Firstly, the effective value of q will be reduced by the thermal

excitation of carriers, which increases n from its value at T = 0.

Secondly, the carrier scattering times are sufficiently short tat A

lifetime broadening results in an increase in n (11). This also

*1% * -

'., ' .' .. " ' " m 'd ' ' .,P .m , ' W , ." - . - .-. -. -. . . , -% -q m , • i 
'

b
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effectively reduces q. Thirdly, defects act as acceptors, lowering the

Fermi energy below the bottom of the valence band. This also reduces q.

Accordingly, the approach used here is to use two different values

of q corresponding to the turbostratic (two-dimensional) case (q = 0),

and a partially graphitic fiber with E 700 GPa, for which a value of

q - 0.3 might be appropriate at room temperature. Calculated curvt of IN

the piezoresistance coefficient, as a function of Young's modulus, are

plotted in Fig. 16 for different values of S13 and S4 4 .

The strain ratio v' depends sensitively on the values of the

parameters S13 and S4 4, so that the magnitude of the electronic

contribution is also sensitive to them, and can be positive or negative.

increasingly negative values with increase of Ey similar to the

experimental data due to the transition from a turbostratic to partially

graphitic structure. This is shown well in Figs. 17a, b, and d. The

present data could be fittcd with several combinations of these elastic

compliances, but in the absence of firm values for q, this would not be U
a useful exercise. V.°z

It is also noted, however, that the data fall within the limits

-12
predicted by the model when S13 = -l.8xl0 /Pa, and does not easily

fall within those limits when S - 0.33x012/Pa. The most recezt
13

evalutionof ~-12of S13 (34) yields -0.52x10 /Pa, for which the present PR

data cat be fitted only with difficulty. %

S7z'
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The Effect of Hydrostatic Pressure on Fiber Resistance

Earlier workers found that the resistance decreased with pressure

for low-modulus fibers and increased for high-modulus. The uniform-

stress model can be developed to give the change of resistance under

hydrostatic pressure due to geometrical effects, as outlined in Table 3.

The electronic effect due to the change of carrier concentration with

interlayer spacing can also be incorporated, as is done for the case of

a graphitic fiber in this table. The compliances S13 and S control

the pressure coefficient.

Experimental data were obtained on the pressure-coefficient,

(8R/P) T/R at room and liquid nitrogen temperatures, up to 0.7 GPa.

The results could be summarized as follows:

1. It was found that the resistance did not cycle reversibly.

Initially, this was caused by insufficient control of temperature (the

resistance change caused by 1 GPa pressure was of the same order of

magnitude as caused by a temperature change of 1-10 K). More precise

measurements confirmed the mechanical origin of the irreversibility. It

was conjectured that the compressing medium was penetrating some of the

pores, and causing ribbon-ribbon contacts to be modified. Values of the

reduced resistance obtained from each run could be analyzed on increase

of pressure to give a pressure coefficient of resistance that was

approximately constant for successive runs. Pressure coefficients could

be obtained with a precision and repeatability of 0.5%/GPa.

2. In order to explore this further, experiments were carried out

with both oil and helium as the pressure transmitting media.

Irreversible phenomena were found in both cases.
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3. Pressure effects measured in the two above pressure-

transmitting media gave different effects. It was conjectured that the

helium was penetrating the pores completely, whereas the oil was only

penetrating larger ones. This effect was considerably larger than the

precision of measurement.

4. There was scatter in the pressure coefficients from one fiber

to another obtained from the same bundle. For instance, the pressure

coefficient in oil of an ex-pitch fiber with E - 730 GPa was found to

be -9.6%/GPa for one fiber, and -1.4%/CPa for another. By contrast, the

pressure coefficient for an ex-PAN fiber with similar Ey was found to be

-O.146%/GPa and -0.88%/GPa for another. In addition, the low-pressure

data appeared to be more highly scattered than that at higher pressure.

5. The results could not be correlated with Ey.

For these reasons, it was difficult to draw definite conclusions

. from the data. It appears that the resistance is very sensitive to the

inter-ribbon conformation, and that irreversible phenomena mask the

physical effects that are being studied.

~Conclusions

The structural, elastic, and piezo-electric properties of ex-PAN

and ex-mesophase pitch fibers have been studied experimentally. The

fibers were chosen with a wide range of Young's moduli, so that the

progression from turbostratic to partially graphitic structures could be

followed to the best advantage.

The elastic properties have been compared to the predictions of the

uniform-stress model, using an approach in which the shear compliance
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S44 was adjusted to give the best fit to Ey, while other elascic

compliances Sill S 12 and S33 took their single crystal values. The

corresponding values of S44 did not bear a simple relationship to the

torsional modulus. This may be due to the layer bending within the

cross-section of the fiber. The present results have also been compared

to previous work using this model. 0

The PRC was found to be weakly positive for turbostratic fibers,

falling to increasingly negative values as Young's modulus increased. '1X

This was attributed to an electronic contribution to the PRC which

becomes more important as the graphitization of the fiber increases.

The uniform stress model was developed for the PRC and the effect of

hydrostatic stress on the resistivity.

The above experiments and analysis indicate that the uniform-stress

model can be adapted to explain the elastic and piezo-electric

properties qualitatively. However, the complicated structure of the 0

fibers across the fiber section needs to be taken into account

explicitly, particularly effects due to ribbon bending. This is of

technological importance, since ribbon bending is important in arresting

crack propagation. It is possible that computer simulations may be

capable of computing the elastic moduli.
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Table 2. Elastic constants of graphite crystals (33).

Elastic Moduli Elasti12 Comp iance
(GPa) (x i0 Pa- )

CII - 1060 ± 20 S - 0.98 ± 0.03

C 2- 180 ± 20 S 2--o0.1 0.06
C1 3 - 15 ± 5 S 13 - -0.33 ± 0.08

C33 - 36.5 ± S $33 - 27.5 ± 1.0

C44 - 4.5 ± 144 - 240 ±60

Theyral expression data are consistent with a value of S13 between
0-1.8xl0 /Pa, 1but recent compressibility data give a value
(0.52 ± 0.05)xlO GPa (34).

w!
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Table 3. Hydrostatic pressure.I
w - sin

PY'Y' - - [(I-<w2>)(S+S 1 2+S 1 3 )+<w2>(2S1 3 +S3 3 )]

cx'x' + cz'z' - - E [(I+<w2>)S _+1 2 +S1 3 )+ I < w2>(2S1 3 + $
3 3 )]

-3 [2 S 1 3+ $ 3 3] +(S13S

Czz- - 3

2-D resistance change with pressure (turbostratic)

1 AR 3 [(-2<w 2>)(2S 3+S33 )+2<w 2 l>(S+S2+S3P R "3 1 3i 21

which for well oriented fibers gives

P R - 3 (2S13+$33)

3-D resistance change with pressure (graphitic)

SLR 1 (2S1+S3)(1'21q)
P R -3 (2 1 3-S 3 3)l2q
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Figure Captions

Fig. 1. Diffraction photographs of ex-PAN fibers: (a) 210 GPa,
(b) 350 GPa, (c) 480 GPa, (d) 690 GPa.

Fig. 2. Diffraction photographs of ex-pitch fibers: (a) 350 GPa,
(b) 480 CPa, (c) 690 GPa. F

Fig. 3. Schematic of x-ray diffraction patterns of carbon fibers:
(a) experimental geometry, (b) graphitic fiber with highly
oriented ribbons, (c) graphitic fiber with partially aligned
ribbons, (d) turbostratic fiber.

Fig. 4. Comparison of data for the interlayer spacing, c, of
)x-PAN--o, benezene-derived fibers--., and anthracene
chars--A, as a function of THT (from ref. 24), compared to the
present data for ex-PAN--o and ex-pitch--x fibers.

Fig. 5. Scans of the (11) reflections, showing the growth of the (112)
reflection for ex-PAN and ex-pitch fibers.

Fig. 6. Widths of the (001) reflections as a function of reciprocal
lattice vector squared (AK ), for several ex-PAN fibers. S

Fig. 7. A sketch defining the misorientation angle of a ribbon, 4, and
the corresponding angle e which is used by many workers.

Fig. 8. Profiles of the (002) reflection along the meridions:
(a) experimental scan of the lineshape for ex-PAN fibers, S
(b) resulting rocking curves for ex-PAN, and (c) ex-mesophase
pitch fibers.

Fig. 9. Comparison of experimental values of the mean misorientation
angle <0> (full width at half maximum) as a function of T T
o--ex-pitch fibers, radial structure (17), *--ex-pitch, ran om
structure (17), 0--present data, ex-PAN, x--present data, ex-
pitch.

Fig. 10. Comparison of ribbon stack-height, LC, as a function of E
o--ex-PAN (29), 0--ex-pitch (average of several types (IVT ,
0--present results, ex-PAN, x--present results, ex-pitch.

Fig. 11. Calculated values of E as a function of <4> for several
values of S4 4.

Fig. 12. Summary of experimental and theoretical data for the torsional
modulus G and the reciprocal elastic compliances for the
crystallites, (1/S44). A experimental data for G (27), 9-
experimental data for G, ex-pitch fibers; 0 calculated values
for (1/S,), ex-PAN (27); calculated values for (1/S44) * ex-
pitch, 0 ex-PAN fibers (27). Curves are drawn as guides to~the eye.

,'0
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Fig. 13. Plots of Poisson's ratio, v, as a function of mean orientation
angle, <0>, for different values of SI3 and S4 4*

Fig. 14. Plots of the strain ratio, v', as a function of <0> for
different values of S and S SI13 44'

Fig. 15. Experimental curves of the change of resistance with
longitudinal strain for ex-PAN fibers.

Fig. 16. Experimental curves of the relative change of resistance with
strain for ex-pitch fibers. S

Fig. 17. Calculated values of the PRC as a function Ev  for different
values of S and S compared to experimental data:vales f 13_ expic4

0- -ex-PAN and x- i-tc

J.
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angle <0> (full width at half maximum) as a function of T

o--ex-pitch fibers, radial structure (17), *--ex-pitc ,
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111.3 THE VALUE OF THE EIASTIC CONSTANTS C 13 AND S13 OF GRAPHITE

You-Xhiang Zhao + and Ian L. Spain

Departmert of Physics ]
Colorado State University

Fort Collins, Colorado 80523

N.

The elastic stiffness constants, C i, of graphite have been

reviewed by Kelly.(1) The experimental uncertainty in the constant

C - 15 ± 5 GPa (2 )  is particularly large. This in turn results in
N C 13

considerable uncertainty in the predicted value of the in-plane bulk •

modulus B - -ao(aP/aa)T where a is the lattice parameter, and P the
a

pressure (the subscript T refers to the isothermal value). The

relationship between B and C.. is: 5a ij

%V
B- [
a 2(C 33 - C1 3 )

where

X - C (C + Gi2- 2C2 32al

C3 3 ( 11  012) 13 Ia2 1
[$33Is (S I + S12) -2s 3 [2b]_,.

VI - ~33 ~11 12) -2131

where S.. are the elastic coi..pliance constants. S and C are related
are 13 13N

by

S C13 3 ?

S13 X 3

VI
IL.. .. W f
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The stiffness constants have been evaluated by Blakslee et al.i2

yielding

X - (4.48 ± 0.10) x 104 (CPa)2  [4a] ,N

4 ''

B - 1040 ± 240 GPa [4b'a

-4 -S - -(3.3 ± 1.1) x 10 (GPa) [4c)

Although the ultrasonic value of S13 is uncertain, Kelly (1 )

concluded that the corresponding value of S 13 above, is reasonably

consistent with thermal expansion and specific heat data.

Jansen and Freeman 3 )- have recently carried out an ab-initio

calculation of the elastic constants of graphite. The only input to the

computer calculation is the atomic number of the element, and the

crystal structure. Correlation and exchange terms are approximated by a

method which has given excellent results for other Group IV elements and

related compounds. (4 )  The computer program allows the electron

wavefunctions to be adjusted to minimize the internal energy (at %

T - 0 K), thus allowing this energy to be computed for various values of

the lattice parameters a and c. One result of this calculation is that

C1 3 is close to zero, and possibly negative.

It was noted above the the experimental uncertainty in C1 3 gives

rise to a large uncertainty in the calculated value of B . However,
a

this situation can be reversed by noting that a determination of B cana

be used to determine C We have recently determined B using x-ray
13' a

diffraction measurements in the diamond anvil cell (a detailed report of

% .
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the method and results will be given elsewhere (5). Analysis of the

results gives a much stiffer value of B - 1580 ± 200 GPa than that

calculated above (Eqn. 4b). This gives a value for C1 3 of

C13 - (23 ± 2) GPa [5]

and a corresponding value of S13

S13 (5.2 ± 0.5) x 10 (GPa)

-4 -I

This value of C1 3 can be considered consistent with the earlier

one, (2 ) within the joint error limits, but is clearly not compatible

with the theoretical estimate, (3 ) and in fact changes C13 (experimental)

further away from the experimental value. A positive value of S1 3 would

not be consistent with thermal expansion or specific heat data, nor with

piezo-electric coefficients of carbon fibers. (6 ) It is noted that the

error in B is ±13%, which is a reflection of the fact that the diamonda

anvil cell technique has inherent limitations, but also due to a phase |

transition which occurs at -11 GPa 4 ) which limits the range of

variation of the lattice parameter a > a(P) > 0.99 a over which thep 0
measurement can be made. Higher accuracy can be achieved in principle

by carrying out a single crystal x-ray diffraction experiment in the

DAC, and this is planned for the future when the facility for these

measurements becomes available at the European Synchrotron Radiation

Facility at Grenoble.

% % %.
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111.4 ELECTRON TRANSPORT IN CARBON BORON NITRIDE

D. Patel, C. W. Bowers, and I. L. Spain
Physics Department

Colorado State University
Fort Collins, CO 80523

Abstract

Electrical transport measurements have been made on carbon-boron-

nitrogen compounds prepared by codeposition. Resistivities increased

-5 4with BN content, lying in the range -10 to >10 Om, and its weak 0

temp.erature-dependence suggested that mobilities are controlled by

defect scattering, or localization. The magnetoresistance was

consistent with this, being less than 10 4 at 1 T for all samples at S

77 K. The Hall coefficient was positive, suggesting a nitrogen

deficiency. The Hall mobility was consistent with the magnetoresistance

and resistivity data.

Introduction

Carbon fibers have relatively low room temperature resistivities in

-5 4%the range 10 -10 am. These low values result from the extensive

carbon hexagon networks that are aligned along the fiber axis. Defects

in the fibers lower the carrier mobility from values characteristic of

single crystal graphite, so that their resistivities are significantly

-7higher (the resistivity of SCC is 4x10 fQm at room temperature (1))

Mn0
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Some applications of fibers require higher resistivities. One

alternative is to use insulating materials such as SiC or BN. Another

is to modify the properties of carbon. One possible route is to alloy

with BN (2). Substitutional alloys typically have bandgaps that are

approximately linear functions of the alloy composition. Accordingly,

it was hypothesized (2) that gaps between the value 0 eV for

turbostratic carbon and 5 eV for BN could be obtained.

Boron is known to replace carbon substitutionally in graphite at

concentrations up to 2.35 atomic % (3). Similarly, it is believed that

carbon replaces boron substitutionally in BN (4,5) at small

concentrations. Polycrystalline samples containing roughly equal

concentrations of C, B, and N were prepared (6,7) as well as thin

films (8). These films were examined using x-ray diffraction and

photoemission techniques, which indicated that the atoms were located in

the hexagonal rings.

Samples have been prepared recently using a codeposition technique

based on that used for the preparation of pyrolytic carbon (9). X-ray

diffraction results showed that the lattice parameter, a, varied from

2.46 A of graphite to 2.50 A of BN as the composition was varied.

However, the peaks split into two after hot-pressing, with spacing

characteristic of both C and BN. A sample of hot-pressed material with

60% C, 40% BN has also been examined using scanning tunneling

microscopy (10). The sample was found to be inhomogeneous, with regions

of hexagonal structure.

Measurements of the electrical resistivity, Hall coefficient and

magnetoresistance were carried out to characterize the carrier densities

0

%w
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and mobilities, and are reported here. The work is in progress, and the

present report is provisional.

Experimental Details

The samples were supplied by Union Carbide Parma Technical

Center (9). The carbon content ranged from a few percent to 60%. A

Van der Pauw (11) technique was applied for most of the samples with a

square geometry to avoid contact resistance and to assume infinite sheet

geometry. Typical dimensions were 4x4x0.5 mm. The conventional six arm

shape was also employed for two of the samples. Currents were kept

small to avoid heating and the contact size minimized to avoid

corrections (12). Electrical contacts were made with silver epoxy.

The temperature dependence of the resistivity was measured in a

closed-cycle refrigerator in the range 10-300 K. The galvanomagnetic

measurements were carried out in a liquid nitrogen cryostat, using an

electromagnetic with a maximum field of 1.2 T.

Results and Discussion

Results of the resistivity measurements are summarized in Fig. 1

and Table 1. The temperature dependence of p(T) is shown in Fig. lb.

For comparison p(T) of other carbon and boronated carbons are shown in

Fig. la and 2. In general the p(T) curves show a small increase with

decrease in temperature for all the samples studied here with the

exception of 8621-3. This sample shows a sharp rise in p with

decreasing temperature resembling p(T) of the electron beam evas,-orated

thin film in Fig. la. The lower carbon content samples showed much
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higher values of p. This is also consistent with the sharp drop in p

observed with increasing carbon content in carbon boron nitride reported

by Moore (9).

In the presence of a 1 Tesla magnetic field perpendicular to the

plane of the sample, no magnetoresistance (Lp/p) could be detected for

the samples studied with the exception of the hot-pressed sample 8632 HP

for which values of Ap/p- -10 4 -10 5 were obtained at 1 T and sample

8615 for which Ap/p - 0.123 at 1 T. This sample has a high carbon

content. Unfortunately, no Hall measurements were possible because of

large drifts in the readings caused perhaps by an inhomogeneous sample

or bad contacts.

Hall measurements at 0.6 T showed very low mobility, p, in

comparison to the high values -103 cm 2/V-s for semiconductor materials

or -104 cm 2/V-s for graphite at room temperature. This is probably due

to scattering from a high concentration of defects. Using carrier

properties similar to those of graphite would yield a mean free path of

-2 nm. The relative temperature insensitivity of p is also consistent

with this.

The Hall coefficient was positive for all the samples. This is

consistent with nitrogen deficiency in the samples. Boronated samples

or graphite have been studied extensively (see Ref. 2 for a review).

Boron acts as an acceptor, and the Fermi level can be depressed below

the bottom of the conduction band by boron doping levels of only 0.1%.

The resistivity curves of boronated samples are very similar to those

observed by us (compare Figs. lb and 2; the data from Fig. 2 are adaptediI
from Klein (13)). The temperature-independent resistivity can be

explained on the basis of a Fermi level lying below the bottom of the

NEW='
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conduction band, so that only one carrier type is present, with density

independent of temperature, and a defect-controlled mobility, which is

also independent of temperature. The Hall data will be analyzed in 0

greater detail to give an estimate of the boron deficiency. The c-axis

resistivity will also be studied.

Conclusion

Electronic transport properties of carbon boron nitride, including

resistivity, magnetoresistivity, and Hall coefficient have been measured

as a function of temperature. The temperature dependence of the

resistivity showed a small increase for most of the samples with

b decreasing temperature down to 10 K. The sample with the lowest carbon 0

content gave a steeper resistivity increase. High resistivities

compared to graphite have been found in most of the samples, but the

values for most of the samples (-10 .5 (Qm) were not significantly higher

than for typical carbon fibers. No magnetoresistivity was detected for

most of the samples. A low mobility of less than 100 cm 2/V-s was found.
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Table 1. Summary of results of electrical transport measurements on
carbon boron nitrate alloy from Union Carbide. Square sample
geometry was employed with the exception of 8632 HP and
8615 HP where a conventional six arm sample geometry was used.

Sample % Carbon p(10 3 Ocm) Ap/p* (crn /v-s) T(K)

8604-3 4-6 2.3xi0 6  
- -- 296

8615 HP 60 3.5x10-3  0.123 --- i 296

8618 TOP n/a 707±40 230±150 296
884 0 43 77

8619-1 60 1.2±0.2 0 --- 296
1.3 0 --- 77

8621-2 TOP n/a 2.7 0 8 296
3.3 0 9 77

8621-3 TOP n/a 144 0 --- -

M 8623 n/a 3.1 0 12 296
3.6±0.6 --- 12 17

8632 HP n/a 0.17 5.9xi0"5  69 296
0.23 2.6xi0 "4  39 77

Values at 1 T.

tUnable to measure Hall voltage (<10.6 V).

IUnable to measure Hall voltage--large drifts in readings.

SHall voltage same sign for ±B sample inhomogeneous.
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Fig. 1 Resistivities of various carbons and boronated carbons -vs- temperature:

1) single crystal graphite, 2) HOPG, 3) graphite whisker, 4) pyrolytic carbon,

5) petroleum coke carbon, 6) lampblack base carbon, 7) glassy carbon, 8) carbon

film - electron beam evaporated, 9) 8621 -3 Top, 10) 8623 Top, 11) 8621-2 Top,

12) 8622, 13) 8615 Hot Pressed, 14) 8632 Hot Pressed.%
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Fig. 13 Resistivities -vs- temperature for boron-doped pyrolytic carbon and graphite (adapted i
from Klein): 1) NSCG, 2) 360000 heat-treated PG, 3)300000 heat-treated PG.

4) 30000C heat-treated PG + 3% boron, 5) as-deposited pyrolytic carbon (210000C)

6) as-deposited PC (210000C) + 1%/ boron, 7) PC + 0.3 and 0.6 at. % boron.
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IX

IV. REVIEW OF THE PHYSICAL PROPERTIES OF CARBON

FIBERS AND FILAMENTS

A review of the physical properties of graphite fibers and
filaments was carried out. The review was originally
intended to be of about 120 pages for the journal Advances in
Physics. However, the final article was of about 500 pages,
with 700 references. Accordingly, it will be published as a
book in the Springer Series on Materials Science. The
publishing date will be about March of 1988.

Since the article is too long to include in this Final
Report, only the cover page and List of Contents is included
in the following pages.

KI. I
S. .
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Abstract

This review article on carbon fiber research was prepared to initiate graduate students
into this field and for use by professionals already working in the field. The coverage is

M comprehensive and emphasizes topics of particular interest to physicists and materials
scientists. This review is written from the point of view of the basic science underlying
the properties of carbon fibers. Emphasis is given to those analytical techniques which
have been successfully applied to bulk graphite and are now being applied to the study
of carbon fibers. The review article specifically considers the preparation, microstruc-
ture and defects, electronic structure, lattice, thermal, mechanical, magnetic, electrical
and high temperature properties of carbon fibers, together with modifications induced
by intercalation and ion implantation, and finishes with a brief discussion of applica-
tions. Over 500 references are included which are chosen as much as possible from the
recent literature.

Although commercial production is currently concentrated on PAN- and pitch-
based fibers, vapor grown fibers have enormous potential in many applications, and

.have structural features which have enabled novel experiments to be carried out, re-
vealing new physics. Particular attention has therefore been given in this review article
to these newly developed vapor grown fibers, in an effort to elucidate the ultimate ca-
pabilities of carbon fiber technology.

rn,.
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VI. REPORT ON SUBCONTRACT "Theoretical Aspects of the Growth and
Structure of Carbon Filaments"

James A. Van Vechten
Department of Electrical and Computer Science

Oregon State University
Corvallis, OR

On this subcontract we have studied the structure and the mechanism

of growth for carbon whiskers with diameters of order 15 run that appear

on graphite surfaces subjected to sputtering conditions with moderate

energy ions, e.g., I keV Ar\+\. Our contribution has been the

development of theories; we were provided experimental data by our

collaborators at the IBM Thomas J. Watson Research Center, particularly

P. E. Batson, T.-S. Kuan, and S. M. Rossnagel, as well as by the

Colorado State group. These data included scanning electron micrographs

(SEM), transmission electron micrographs (TEM), electron diffractagrams,

and electron energy loss transmission electron micrographs. The theory

developed is consistent with all these data and implies predictions for

the result of further experiments that hopefully will be performed in

the near future. We have also proposed a connection between the

mechanism of formation of these whiskers and the formation of the so-

called "magic number" carbon clusters over amorphous carbon targets in

pulsed laser ablation experiments. Based on our study of the structure

of the carbon whiskers, we have given the first explanation of the

formation of those clusters that is consistent with the observation that
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the "magic numbers" of the neutral and positively charged clusters, but

not of the negatively charged clusters, are 11, 15, 19, and 23 but no '

others. This has also led to the proposal of the structure of amorphous

QU carbon that is consistent with its observed density and the proposal ofi_

a new crystalline phase of carbon with remarkable mechanical and

electronic properties. Two papers describing this work have been

published: "Kink site saturation mechanism for whisker growth under

sputtering conditions" by J. A. Van Vechten, et al., J. Crystal Growth

82, 289 (1987); and "Structure of laser-pulse-plasma-induced carbon

clusters: Explanation of the magic numbers" by J. A. Van Vechten and

D. A. Keszler, Physical Review B (Rapid Comm.) 36, 4570 (1987). (Copies

enclosed.) The latter attracted the attention of the popular science

press. See Science New, 15 August 1987 (enclosed). It is expected that

this work will continue as follows. At Oregon State we have made a

proposal to the NSF Materials Processing Initiative (DMR-8712573) (which

is still pending and hopeful) to grow the new crystal structure of

carbon by a succession of steps: growth of the whiskers by sputtering

of graphite: nucleation of single crystals on the tips of these

whiskers by laser ablation, photoionization, and mass selection; growth

of bulk crystals using a chemical beam epitaxy apparatus developed at

OSU by Prof. William Fredericks and hydrocarbon feed stocks produced by

Prof. Peter Freeman (Chemistry Department). The IBM Corp. has already

donated 400 hours of central processor time (valued at $400,000) on an

IBM 3090 vector array processor, plus a communications link between

Corvallis and this machine (in Palo Alto, CA) and $4000 for travel

expenses for state-of-the-art electronic structure calculations re the

whiskers and the clusters. These calculations are being performed

IN -NA 06' '1 11 1111 1 ' IN ,',
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mainly by Henri Jansen of the OSU Physics Department. At IBM Watson

Research Center, P. E. Batson has enhanced his electron energy loss

transmission electron microscopy facility from a single slit detection 0

to 128 slit detection. This provides an enhancement of a factor of 128

in the rate that data can be obtained. This allows correspondingly

better statistics regarding the sample spectrum to be acquired before 0

the sample is degraded by the 100 keV electrons of the incident beam.

We expect vastly improved spectra for the graphite whiskers that should

rigorously test our proposed structures for the whiskers. Finally, in 0

response to a request for propozals from ONR (Max Yoder), we have

proposed to use the dense arrays of carbon whiskers produced by

sputtering of graphite to form arrays of point contact injectors to S

inject electrons into diamond, and other materials of interest for

defense of spacecraft from laser attack and for ultraviolet detectors

and light emitting devices. We have been contacted by Hughes Santa S

Barbara Research Center regarding this application and have been

included as a subcontractor on such a proposal by Hughes.

N0
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Structure of laser-pulse-plasma-induced carbon clusters:
Explanation of the magic numbers

J. A. Van Vechten
Department of Electrical and Computer Engineering and Center for Advanced Materials Research.

Oregon State University, Corvallis, Oregon 97331

Douglas A. Keszler
Department of Chemistry and Center for Advanced Materials Research,

Oregon State University, Corvallis. Oregon 97331
(Received 2 March 1987)

A simple explanation is offered for the magic numbers 11, 15, 19, and 23 for carbon clusters
produced promptly by pulsed-laser ablation of carbon. The structure proposed for the eleven-
member cluster has all C-C-C angles equal to 1200 with three five-member rings about two
atoms whose p, orbitals are perpendicular to those of the other atoms. This structure allows one
graphitic six-member ring to be formed on each of the three rings upon the addition of four more
atoms, thereby accounting for 15, 19, and 23 and for the absence of 7, 27, 31, etc. Extended
Hiickel calculations indicate the eleven-member cluster is only about 1% less stable than carbon
rings or chains under normal conditions. We also find that its highest occupied molecular orbitals
have nonbonding character for all nearest-neighbor interactions, and argue that this explains why
11, 15, 19, and 23 are magic numbers for neutral and for positive clusters but not for negative
clusters. When stacked together they produce very open structures with a density of 1.4 glcm'.
It is proposed that they are common constituents of glassy carbon and of soot and account for the
fact that the densities of these materials are much less than those of graphite and diamond.
Thus, the observed clusters are present in the target before ablation; they need not form during
the pulse.

Severl investigations of the material ablated from Reichmann, and Kaldor cast doubt on RCK's conclusion "

glass), carbon targets' have found remarkable patterns that the n > 40 clusters have ionization potentials lower

in the distribution of numbers of carbon atoms per cluster, than 6.4 eV and propose these clusters are spheroidal
n, and in the photoionization potentials of the most com- shells. 5  1 ,

mon clusters. The distribution of n is distinctly bimodal. RCK do not explain the n < 40 clusters but attribute
That reported 2 for neutral clusters by Rohlfing, Cox, and them to the intense plasma present over the target surface
Kaldor (RCK) is shown in Fig. 1. For n > 40 only even during the pulse. (They used 14 to 40 mJ of 532-nm light
values of n are found. For n < 40 all values are found but plus 5 to 10 mJ of 1.06-pim light focused to about 1 mm.)
certain values, the "magic numbers" n-11, 15, 19, and Bernholc and Phillips (BP) have addressed 6 the prob-
23, are much more common than intervening values. We lem with a modified neglect of differential overlap
also note that while n -3 is common, 7, 27, 31, 35, etc., (MNDO) calculation of ring and chain stru: ,ires with
are not magic: a 4m + 3 rule does not describe the data. I < n < 26. In addition to calculating the total energies of
It should be noted that these same numbers are also magic the various clusters that they considered, they also at-
for those clusters produced in a positive ionization state by tempted to simulate kinetic processes by coalescence of
the initial laser pulse but not for those produced as nega- single C atoms that were assumed to have been evaporat-
tive ions. Negative clusters have entirely different magic ed from the surface. Their result for the relative abun-
numbers: 5, 10, 12, 16, 18, and 22. dances of neutral clusters is reproduced in Fig. 2. The

RCK give convincing evidence that the bimodal distri- comparison with Fig. 1, and with the data of others, 1. is 4
bution results from two distinctly different processes. In hardly satisfying. BP state that their calculation finds the
addition to the distinction in the distribution of n, they re- 4n + 3 ring clusters to have particularly low photoioniza-
port that the smaller clusters are produced promptly dur- tion potentials and suggest that this fact might ske%% the
ing a 25-ns laser pulse, while the larger clusters were pro- data in their favor. (RCK photoionized their clusters with
duced after some time delay, and that the small clusters various excimer lasers and used a mass spectrometer to
have a remarkably high photoionization potential, be- determine n.) BP's suggestion is contradicted bN RCK's

tween 6.4 and 12.8 eV as compared with 4.5 and 5.0 eV report that these clusters have remarkably high ionization
for graphite and diamond, respectively, while RCK con- potentials, not low potentials. It also seems reasonable to

clude that the n > 40 clusters have ionization potentials suppose that the observed abundance is connected to some
less than 4.99 eV. combination of (i) the structure of the target, (ii) a high

RCK have also given an explanation for the n > 40 cohesive energy of the cluster, and (iii) the dynamic sta-
clusters in terms of a carbyne structure consisting of bility of the clusters in the pulse plasma. The last factor
-C-C-C EC- chains. However, Cox, Trevor, may be attributed to either a high ionization energ. asso-

t 1987 The American Physical Society
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STRUCTURE OF LASER-PULSE-PLASMA-INDUCED CARBON ...

100 very high ionization potentials are more apt to survive in
60 . the plasma and tend to be formed from the fragments of

R ,o the others. This view can be directly applied to the pres-
80 - ence of even-numbered carbyne chains with n - 10 in

9 these experiments, since the localized C-C interactions
with strong x overlap would provide high ionization poten-

•J tials. In contrast to the present subject, carbyne chains
z are always even and give up even fragments. (It is one of

23 the single bonds that breaks.)

2 3 The present explanation for the odd magic numbers of
0 40 n < 40 clusters has been motivated by an ongoing study of

a rather different phenomenon that may involve similar
1 90physics. The phenomenon is the formation of very fine

20 (15 nm) whiskers on the surface of graphite subjected to
'0 prolonged and moderately intense sputtering. - ° This

study has shown the whiskers to be at least semicrystalline

0 but to have a structure that is neither graphitic. nor dia-
20 40 60 80 100 120 mond, nor the scrolled graphite structure of the much

CLUSTER SIZE (ATOMS) thicker whiskers produced by catalytic pyrolysis of hydro-

FIG. 1. Reproduction of photoionization time-of-flight mass carbons. From studies of these whiskers with transmission

spectroscopy data reported by Rohlfing, Cox, and Kaldor (Ref. electron microscopy (TEM) and electron-energy-loss

2) for pulse-laser-ablated carbon targets with ionization of spectroscopy (EELS), which will be published separate- .

resultant neutral clusters with an unfocused ArF (193 nm) ly,' t we have concluded that the whiskers contain a mix-

laser. Note that for n > 20 the gain was set a factor of 10 ture of the building unit shown in Fig. 3(a) and the closely S

higher than for n < 20. Also, for n > 40 the clusters were ion- related unit shown in Fig. 3(b). The sputtering environ-

ized with a single photon, while for n < 20 two photons were re- ment that produces these units involves highly excited,

quired; the intensities of the two sections of the spectrum cannot displaced C atoms, which are often ionized, p. rticularly at
simply be compared. The abundance of the n < 40 clusters is the tip of the whiskers where a strong field is present.
much greater than that of the n > 40 clusters. Their density is high where the whiskers are formed.

Therefore, it seems reasonable to suppose that the clusters

ciated with low-lying strongly bound levels, or to highest
occupied levels of nonbonding or antibonding character AN A,

whose ionization would not decrease the stability of the

cluster. Our proposal appeals particularly to the latter op-
tion. As ionization destabilizes certain clusters, those with

low ionization potentials are more easily broken apart in
the intense plasma resulting from the pulse. Those with( "

J1.0-_ Wl
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FIG. 3. (a) TUTT, the all-sp'-bonded l -C-atom cluster
here proposed to be the n -I I magic number cluster. TUTT

0 5 10 15 20 25 units are also found in sputter-induced carbon whiskers. (b)
TUT, derived from TUTT by converting the three atoms bonded

CLUSTER SIZE (ATOMS) to one of the hub atoms from sp2 to sp 3 bonding. TUT is less
FIG. 2. Reproduction of the MNDO-calculated relative stable than TUTT in free space but allows for much denser

abundances of neutral carbon ring and chain clusters reported packing in a condensed phase Sputter-induced carbon whiskers
by Bernholc and Phillips [Ref. 5. Fig. 3(a)] contain many TUT units.
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condensing to form these whiskers may be present also in
the laser-ablation-produced plasma, if not in the original- target. %-A -""

The formal chemical name of the cluster in Fig. 3(a) is
tricyclo(3.3.3.0 1.5) undeca-2,7,9-triene-4,6,1 I -triyl, which
will hereafter be denoted TUTT. That for the cluster in
Fig. 3(b) is tricyclo(3.3.3.01-5) undeca-2,7,9-triene, which _."
hereafter will be denoted as TUT. This cluster was not
considered by BP. However, Hoffmann, Hughbanks, and .

Kertesz (HHK) have considered crystalline phases of car-
bon containing closely related units. 1? TUTT contains II
C atoms arrayed in three five-member rings such that all
C-C-C angles are 120*C. The rings have in common two
hub atoms whose p, orbitals are perpendicular to all oth- -.

ers and coaxial to the threefold axis. TUTT may be
viewed as three partial sections of the graphitic six- I
membered ring whose terminal atoms are bonded to form
hubs through which the threefold axis passes. As an iso- f

lated hydrocarbon this may be compressed to a propel-
leranelike structure by pa bonding between hub atoms. In
extended or polymeric clusters, this axial bond may
lengthen to restore D3h symmetry. TUT differs from
TUTT in that three C atoms, one in each side section and '5"'
at the same side, are sp 3-bonded rather than sp 2. Thisbonding strains the unit rather more, so it is not the stable FIG. 4. TUTT+4, the proposed structure of the n-15 !

configuration in free space, but such a carbon framework magic-number cluster. By adding four C atoms to one of the

allows for much more dense packing as a condensed solid, graphite side sections of the TUTT cluster, a graphitic six-

so it may be favored in solids, member ring is formed. This can be done also on the other two

Consider now how the carbon framework of TUTT and side sections to produce the n-19 and n-23 magic-number

TUT accounts for the magic-number clusters in the clusters, but no further easy extension is then evident. It is pro-

laser-ablation experiment, posed that this is the reason that the magic-number series stops

(i) They contain II C atoms as does the strongest of the at n -23.
magic-number clusters.

(ii) Extended Huckel calculations indicate that its a, who note that the tendency to photofragment by em-
cohesive energy is within 1% of that for a CIO carbyne .ton
chain, a CI0 carbyne ring, and a CII cumulene chain ring. itting three atoms is found only for C clusters, not for

(iii) More important, the highest occupied orbital has similar experiments with Si or Ge. (For Si and Ge the

much nonbonding character, so the cluster is little desta- numbers i1, 15, 19, and 23 are not magic.) This is ex-

bilized when ionized to a positive state in the plasma. plained for C by noting that the weakest bond in TUTT

However, addition of an electron to form a negative ion is are those bonds connecting the side sections to the hub

expected to weaken the bond connecting a side section to
the hub atom, leading to fragmentation. Thus, we explain
why 11, 15, 19, and 23 are magic for neutral and positive 100
but not for negative clusters. .

(iv) The obvious extension of TUTT is to add four 80 -
atoms on one side section to complete a six-member 80
benzene-type ring, which gives the 15-C atom cluster 0
shown in Fig. 4. This can be done again on the other two .. 60
side sections to give the 19 magic-number clusters. How- Z2 40-
ever, the addition of more than one six-member ring onto LO
one side section severely weakens the bond between the Z 20
hub atom and its nearest neighbor, which would destabi- _ 20
lize the cluster in the plasma environment. This is the ex- 0 A
planation for the absence of 27, 31, etc., from the magic
number series. The n -7 cluster is not magic because it
does not suffice to form the basic TUTT unit. -20 10 15 20 25

(v) RCK have also studied the photofragmentation of CLUSTER SIZE (ATOMS)

these clusters under excimer-laser irradiation. Their re-

sult is shown in Fig. 5. We see that the n -3 peak, which FIG. 5. Data [from Ref. 2, Fig. 4(b)] as with Fig 1, but %%th
was also found in Fig. 1, is dominant here. The same re- focused, high-intensit) (10 mJ) KrF laser used to phooionzc
suit has been found and elaborated upon by Geusic et and photofragment the neutral clusters.
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atoms. Because of the 900 twist of the orientation of the
Yr bonds at these points, this bond does not benefit as
greatly from the constructive x-bond overlap between ad-
jacent atoms that so strengthens the in-plane bonding of
graphite. Consequently, the most likely fragmentation
mode for these clusters is the splitting off of one of the side
sections. This produces a three-atom cluster and destabi- aw
lizes the remaining structure, so that other three-atom
side sections may subsequently split off.

(vi) Heath et al.7 report that the 11, 15, 19, and 23 U
magic numbers are suppressed if sufficient overpressures
of H2 are introduced at the C target during ablation.
Chemical reasoning, and our extended HUckel calcula-
tions, imply that saturation of the dangling bonds on the " "
nonhub C atoms severely weakens the bond between hub
atoms and destabilizes these clusters.

While our TUTT model provides these natural explana-
tions of the facts, the assumptions that the ablation clus-
ters must be either planar or ring or chain models, as 0
made by BP, has not explained some of the facts. As al-
ready noted, BP could not explain why 11, and not 10, is
the dominant magic number. They also predict monocy-
clic structures for n > 10, which is inconsistent with the
conclusions of Ref. 7. Perhaps most strikingly, the alter-
native structures do not afford an explanation of the mag-
ic number 3 for the photofragments.

If one tries to stack pure TUTT units, without allowing
any TUT units or any further twists of the x-bonding 1%
axes, as has been considered by HHK, then the structure
shown in Fig. 6 is obtained. This "honeycomb graphite"
structure has a density of only 1.4 g/cm 3, as compared FIG. 6. Low density (1.4 g/cm3) obtained by stacking TUTT
with 2.27 for graphite and 3.51 for diamond. It also has a with no conversion to TUT. It is proposed that the presence of
honeycomb of empty hexagonal cylinders which would (often intercollated) regions of this structure accounts for the

easily accommodate a wide variety of intercolating low density of glassy carbon and soot.
species. It is noted that the handbook values of the densi-
ty of glassy carbon and of soot are in the range 1.8 to 2.0
g/cm . If this structure were derived from either graphite their presence in the original target. We suggest a corn-
or from diamond, it is difficult to see how this density parison of the ablation products of single-crystal graphite
could be so low. Therefore, it is here proposed that these and of diamond with those of glassy carbon.
amorphous phases of carbon may in fact be derived from
the TUTT structure of Fig. 6 with a substantial degree of
intercollation (and impurities) acting to increase the den- This work was supported in part by the Air Force Office
sity of these amorphous materials. Our extended Huckel of Scientific Research under Contract No. F-49620-84-
calculation finds the cohesive energy of this structure to be K-0006. Support for one of us (D. A. K.) was provided by S
within 1% of that of graphite. Once formed, such a ma- an M. J. Murdock Charitable Trust Grant of Research
terial should be quite stable. Also, the problem of the for- Corporation and the Petroleum Research Fund admin-
mation of the magic-number clusters may be resolved by istered by the American Chemical Society.
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